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FOREWORD 

T h i s  r e p o r t  covers t h e  construct ion,  operation, and eva lua t ion  of a 
forced c i r c u l a t i o n  mercury loop using Haynes alloy No. 25 as t h e  containment 
m a t e r i a l .  The work was performed between Jarntarry, 1962 and Deceniber, 1963 
i n  support of t h e  Sunflower program under NASA Contract N-er NAS 5-462 
with Mr. Jack A .  Hel le r ,  Space Power Systems Division, NASA Lewis  Research 
Center, as Technical Manager. The r epor t  w a s  o r i g i n a l l y  prepared a s  
Thompson Ram0 Woolridge Report ER-6005, May 18, 1964. 
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OPERATIa  @' A " E S  ALLOY NO. 25 FORCED CIEtCUIATION 

LQnP TO STUDY THE EFFECTS CY? HYDROGEN IN A 

by R. C. Schulze and D. B. Cooper 

Thompson Ram0 Wooldridge Inc. 

SUMMARY 

A s  part of an e f f o r t  t o  answer SORE of t h e  questions pertabkg t o  
t h e  Sunflower s y s t e m ,  a forced circulat ion nercury loop was designed, 
constructed, and operated. The  primary objectives of th is  "uork-horsen 
loop were: 

1) E v a l u a t e  t h e  hydrogen swallowing capability of t h e  Sun- 
flmr mrcury  transfer pump. 

2 )  Eva lua te  t h e  effectiveness of various separators i n  
removing hydrogen f romthe  system, 

3)  E v a l u a t e  the  effectiveness of a getter-type corrosion 
product separator in rernovfng corrosion products from 
t h e  system. 

4)  Determine thi! corrosion ani mass transfer which occurred 
during operation of t he  loop. 

The centr i fugal  pump was evaluated separately from the loop for 
i ts  abi l i ty  t o  accept both s ingle  bubbles of hydrogen and a constant 
flow of hydrogen. During these tests, no d i s t i n c t  correlat ion could 
be found f o r  either case between the pump performance and the amount 
of hydrogen entering the pump. 

Also, a cerrtrflugal hydrogen separator was evaluated during t h e  
operation of the  centrifugal pump. 
gen through a columbium o r  1010 steel diffusion window mounted in the 
separator. 
because of t he  lack of adequate data on the  pe rmab i l i t y  of columbium 
t o  hydrogen at low temperatures and oxidation of the outer surface of 
the  diffusion window. 

A t t e m p t s  were made t o  remom hydro- 

Hawever, these attempts m t  with limited success primarily 

The centr i fugal  pump was operated for approximately lo00 hours, 
during these tests. 
t e s t  was t he  volute tongue where an erosive act ion had occurred. 

T h e  only area of the pump that was damaged dming 



The loop was designed t o  simulate the  anticipated Sunflower 
operating conditions, except f o r  the flow rate. 
t ions were: 

The operating condi- 

Boiler ou t le t  temperature 838-1115 OF 
Superheater ou t le t  temperature 968-1294OF 
Condensing temperature 410-773"F 
Flow rate 66-20? lbS/hr 

During operation of the  loop, erosion s p e c h n s  fabricated of 
PH15-7Mo heat treated t o  conditions RH 950 and TH 160 and Haynes a l loy  
No. 2 1  were tested.  The specimens were located in a high vapor velocity 
area j u s t  after the o r i f i c e  at t h e  end of the superheater. In addition, 
Haynes a l loy  No. 25 and Croloy 9M hydrogen diffusion windows located in 
the superheater were evaluated. 
a l loy  No. 25 and columbium were t e s t ed  i n  the condenser. During the last 
l459 hours of loop operation, a tantalum corrosion product separator 
was mounted i n  the  superheater entrance. 

Similar Windows fabricated of Haynes 

Examination of the erosion specimens revealed prac t ica l ly  no damage 
a f t e r  5292 hours of exposure t o  high veloci ty  mrcury  vapor. However, 
the PH15-7Mo erosion specimens in both heat treatments (TH 160 and 
RH 950) showed s ignif icant  losses  i n  hardness. 
heat t rea ted  t o  TH 160 changed from Rockwell C of 45 t o  Rockwell C of 
25. 
h4.7 Rc t o  32.5 Rc. 
in hardness from Rockwell C of 31 up t o  Rockwell C of 60. 

The erosion specimen 

In comparison the  RH 950 heat treated erosion specimen changed from 
The  Haynes a l loy  No. 21 erosion specimen increased 

The attempts t o  rem- hydrogen from the  loop through the  various 
hydrogen diffusion windows m t  with only l imited success. 
success was a t t r ibu ted  t o  the following: inadequate permeability data 
fo r  hydrogen; placement of windows; and oxidation of the outer surface 
of the  windows. 

This lack of 

After operation, the loop was dissected and examined f o r  corrosive 
Examination of the boi le r  revealed attetck in 

Light crevice at tack t o  a maximum depth of 0,001 inch was 

at tack and mass t ransfer .  
the form of leaching and intergranular penetration t o  a maximum depth 
of O.O@ in. 
found i n  the  superheater. 
re la t ive ly  unaffected. 

The condenser and subcooler regions were 

In the  boi ler ,  the depleted layer  was r i c h  i n  cobalt and tungsten, 
indicating t h a t  chromium, nickel  and i ron had been leached from t h i s  region. 

The chromium, nickel  and i ron removed from the  boi le r  was found 
deposited throughout the superheater. 
in the  superheater was located in the  inlet region where it was probably 
carr ied over from the boi ler .  
found i n  the  condenser and subcooler regions. 

The grea tes t  amount of the deposit 

Only a negligible amount of deposition was 

The tantalum corrosion product separator, which w a s  evaluated during 
the last l459 hours of loop operation collected approximately 6.5 W/O of 
the t o t a l  corrosion products formed. 
could not be determined, since it was not in place a t  the  start of the  
test when the corrosive action was probably the greatest. 

The eff ic iency of the separator 
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The aaterials poblems associated with the des- and operation of a 
rercury Rankine cycle pclnrer system are fairly wll defined. W i t h  the  exc- 
t i o n  of re f rac tory  Paetals, no known material i s e n t i r e l y  resistant to cor- 
rosive at tack  by mrcury at high temperatures, While the loss i n  strength 
of tbe contaimmnt material dtm t o  tbe  attack by lpercury is  generally not 
great enough t o  reduce the durabi l i ty  of the material significantly, the 
generation of carrosion products resolts in a number of secondary prablene 
ubich ser iously threaten the long-term reliability of the system, These 
problems center around the  transfer of the corrosion prod&s from one portion 
of the system t o  another, 
system may be reduced. 
as the turbine noerle and bearing fluid lines may becolae plugged with corrosion 
products, oa6 solution t o  the problem is that af continuous separation of 
the corrosion products f r o m  the working fla by such tocbniqms as chemical 
getter-  ard the use of magnetic fields, 

t o  allow for operation during th-shade portfon_-of t h e  or_bit. An e=- 
storage device is thus required 80 that-excess energy caa he dored d!,@ng 
the d q l i g h t  portion of the m5I5. si8 energy is then released t o  t h e  
working fluid during the shade portion. Irla' the Stmflaasr s y s t e m ,  $he storage 
device is in the  form of a-m&q+rical shell with lithium h@ri.de, the heat 
storage eredim, encloaed within the walls OT-the cadty-type shell, However, 
the use of l i thium hydride presents a problem because of the transfer of 
hydrogen ink the mrcury Vorkjng fluid by diffusion through the tubing walls,\ 
The hydrogen results from the dissociation of tb l i t h i u m  hydride which occurs 
in the 1200-1600~ tempwattre r q e  encotmtered in t he  Sunflmr system, 
The presence d hydrogen in the nercury oould result in serious operational 
problems, par t icu lar ly  with the centrifugal-type transfer pnap which i s  sus- 
cept ibls  t o  cavi ta t ion and possible loss of p i m .  

The resultant effect is that the eff ic iency of the 
More serious than t h i s  is tbe  fact that regions such 

In a so- pawered system such as the smsluuer, p a r i s i o n  must be lpade 

In an e f fo r t  t o  answer som of t h e  qusstiona pertaining t o  the Sunflouer 
system, a forced c i rcu la t ion  5re-w loop H= designed, constructed, and 
operated. The priprary objectives of this @work-horse" loop were: 

1) Evaluate the hydrogen swallowing capabili ty of the Sunf lmr  
mercury transfeF pmap, 

2) Evaluate the  effectiveness of various aeparators in removing 
hydro- f r o m  the  system. 

3) Evahate  t he  effectiveness of a getter-type corrosion product 
separator i n  rem- corrosion products from the system. 

4 

In  order t o  meet the above objectives, the work was separated i n t o  various 
tasks. Plarmsd shutdowns between tasks -re schedule'd so that modifications 
could be made t o  tfre system, These modFfications inclnded changing and reloca- 
t i n g  the various test sections incorporated i n   the^ loop, 



A. Qzo 

Ekcepb fo r  the f l o w  rate ,  the design paranreters fo r  the work-horse loop 
were chosen so as t o  simulate the anticipated conditions i n  the f inal  Sunflower 
system. The flow r a t e  f o r  the loop was about one-tenth of the anticipated f l o w  
f o r  the  Sunflower system. These conditions included: 

Boiler ou t le t  temperature 1100.F 
Superheater ou t le t  temperature 1250-1300.F 
Condensing temperature 620'F 
Subcooler temperature 300°F 
Flaw r a t e  82 lbs/hr 

Haynes alloy No. 25 (composition given in Appendix I) was the basic  
material of construction and was chosen because of i t s  relative resis tance t o  
mercury corrosion a t  temperatures up t o  1000°F (s)* and its strength at  ele= 
vated temperatures. 
in low temprature regions of the loop f o r  instrunvirnt sensing units and 
valvlng. 
of the t e s t s  and w i l l  be discussed in  the detai led description of the system 
which follows. 
during the  following description. 

into the system, t h e  superheater, condenser, and subcooler sections of t he  
loop were located in a horizontal plane. 
tb possibi l i ty  of hydrogen col lect ing above the liquid-vapor interface in 
the  cordenser. 

Type 316 SS (composition given in  Appendix I) was used 

Several other materials =re used in small quant i t ies  during some 

Figure8 1 and 2 show the design of the loop and are referenced 

In order t o  minimize the ef fec ts  of gravi ty  upon the hydrogen injected 

h.imari4,  t h i s  arrangement reduced 

1. Boiler and Superheater 

The boi le r  and superheater sections of t h e  loop -re fabricated from 
1.0 inch O.D. by 0.065 inch wall  Haynes a l loy  No. 25 tubing. Hevi-Duty clam 
shell heaters =re used t o  supply energy t o  these sections and were des-ed 
t o  supply lpaximun overal l  heat f luxes of 15,000 and 10,000 BTU/hr - f t2  i n  the 
boi le r  and superheater, respectively. A c t u a l  fluxes used during operation 
were i n  the order of 10,000 BTU/hr-ft2 over nine f e e t  of heated boi le r  tubing 
and 2600 BTU/hr-f t2  over eight f e e t  of heated superheater tubing. 
create turbulence and f a c i l i t a t e  the h a t  t ransfer ,  swirl wire was used through- 
out the boi ler  and superheater. Haynes a l loy  No. 25 wire of 0.062 inch diameter 
was coiled in to  a helix having an outside diamster of 0.870 inch and a pi tch 
of 3*5 inches. 

In  order t o  

4t 
The numbers i n  parentheses pertain t o  references l i s t e d  a t  the  end of the  report. 
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2. Condenser and Subcooler 

The condenser and subcooler sections of the loop consisted of single 
Haynes a l loy  No. 25 tubes having an outside diameter of 0.5 inch and a wall 
of 0.&9 inch. 
During inithl tes t ing  tvo 195 cF)( vent i la t ing blowers MFB used t o  cool 
these sections. 
by 37-inch long m i f o l d .  
square by 12-inch long nranFpold. During initial loop operation, the cooling 
capacity of the  condenser was found t o  be inadequate. 
was replaced with one having a capacity of 1000 Qp#, and 0.25 inch O.D. copper 
cooling co i l s  were ins ta l led  on the condenser manifold. These changes proved 
to be qui te  sa t i s fac tory  and supplied suff ic ient  cooling capacity i n  the con- 
denser t o  allow the loop t o  be operated a t  a f l o w  rate of 98 pounds per hour, 

Cooling of these sections was accomplished primarily by air, 

The subcooler tube was enclosed within a four-inch 
The condenser tube was enclosed within a four-inch square 

The 195 CFn blower 

3. Orifice and SDecimn Holder 

A sharp-edged o r i f i ce  was used in the  loop t o  provide the pressure d i f -  
The a r i f i c e  plate  w a s  fab- f e r e n t i a l  between the superheater and condenser. 

r icated from PHl5-7no heat t reated t o  the RH 950 cod i t ion .  
diameter orifice w a s  d r i l l e d  in a plate  0.032 inch thick. 
following the o r i f i ce  w a s  a Haynes a l l o y  lo. 25 specimen holder which con- 
tained three erosion specimns, each having an exposed cross section of 
0.25 inch by 0.062 inch. The materials for the erosion specimens were: 

The 0.60 inch 
k c a t e d  innmdiately 

Haynes a l loy  No. 2 1  
PHl5-7Wo (RH 950 heat treatment) 
PHl5-7l~Io (TH 1050 heat t r e a t m t )  

(The compositions of the two materials a re  given i n  Appendix I. 
treatments f o r  the PHl5-7no are  given in Appendix 11.) These materials were 
chosen as being representative of the design materials for the Sunflower 
turbine. 
The e n t i r e  orifice-specimen holder was heated with a Hevi-Duty clam she11 
heater t o  minimbe condensation of the mercury vapor. 

The heat 

The orifice-specimn holder combination is shown in Figures 3 and 4, 

1. Water  Controls 

Pouer to t he  heaters on the boi ler ,  superheater, and orifice-specimen 
holder sections of the loop w a s  varried by the u86 of General Radio " V a r i a c m  
autotransformrs.  Each heater c i r c u i t  also contained a Weston anmeter. Alnor 
type N - l h  millivoltmeter-type temperature controllers w e r e  used t o  control the 
temperature of each heated section of the loop. Temperature masuremnt  f o r  
the control lers  was made by chroml-alnmel thermcouples secured t o  the surface 
of the loop tubing near the e x i t  of each heater circuit .  

5 
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2. Condenser and Subcooler Control 

The flow of cooling a i r  f o r  the condenser was varied by means of a 
Minneapolis-Honeywell motor-operated b u t t e r f l y  valve. The input s igna l  t o  
the motor was received from a Weston high-low, millivoltmeter-type temperature 
controller,  
an iron-constantan thermocouple secured t o  the condenser w a l l ,  

This instrument sensed the condenser temperature as indicated by 

The flow of cooling a i r  f o r  the subcooler was manually controlled by 
means of a bu t t e r f ly  valve. 

3. Pressure Measurement 

A Minneapolis-Honeywell pressure recorder with an over-pressure control  
c i r c u i t  provided a record of the bo i l e r  ou t l e t  pressure and also served as a 
sa fe ty  device i n  the event of an over-pressure s i tuat ion.  
Ashcroft pressure gauges were used t o  measure the pressure a t  various locat ions 
i n  the system. 

A t o t a l  of seven 

1) 
2) Orifice ou t l e t  pressure 
3 )  Condenser pressure 
4) Diaphragm punp i n l e t  pressure 

5 )  Diaphragm pump ou t l e t  pressure 
6) Centrifugal pump inlet  pressure 
7) CentrFfugal pump ou t l e t  pressure 

Orifice i n l e t  pressure (superheater ou t l e t )  

A l l  instruments were actuated by Type 316 SS diaphragm seals connected t o  the 
loop by Haynes a l loy  No. 25 tubing. 
maintained in the sensing units, and a l l  pressure readings have been corrected 
fo r  t h i s  s t a t i c  head. 

A constant head of l iqu id  mrcury  was 

Temperature Measurement 

I n  addition t o  the control thermocouples, 48 others were placed a t  
various locations around the loop. 
and were located 1 2  inches before the bo i l e r  ex i t ,  a t  the boi le r  ex i t ,  a t  the 
or i f ice  in l e t ,  and a t  the o r i f i ce  outlet .  
the surface of the tubing. A 1 1  thermocouples were chromel-alumel. The 
temperatures were recorded on a 48-point Weston temperature recorder which was  
equipped with a limit switch t o  protect  the loop against  excessive temperature. 
The panels which contained the various controls are shown i n  Figure 5. 

Four of these were immersion thermocouples 

The remaining 44 were secured t o  

a 



Figure 5. Photograph Showing t h e  h o p  Control Panel. 
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Two pumps were used i n  the loop,, 

Pumps and Liquid B v e l  Control 

The primary pump was a Milton Roy 
posi t ive displacement pump with a pneumatic operated U. S. "Varidrive" 
variable speed motor, 
included: 

Materials of construction i n  contact with the mercury 

Liquid end Type 316 SS 
Diaphragm Teflon 

B a l l  sea ts  Type  316 SS 

B a l l  valves T,ype 416 SS 

Check valve housing Type 316 SS 

The pump had a capacity of I58 pounds per hour of mercury ( spec i f ic  grav i ty  
of 13-6) and a maximum discharge pressure of 500 psig, 

The secondary pump was of the same design as  the Sunflower mrcury  
t ransfer  pump, 
The pump was of the centrifugal type and was designed t o  de l iver  25 t o  35 pounds 
of mercury per minute with the pump operating a t  35,000 t o  40,000 rpm, 
pump included a j e t  by-pass t o  provide the  required flow and discharge pressure 
of 500 t o  550 psi,,  Since the pump was t o  be used primarily during tes t ing  with 
hydrogen, a s t a t i c  l i p  seal was included t o  l i m i t  hydrogen leakage around the 
shaft ,  The motor 
speed was controlled by varying the input voltage with a General Radio "Variac" 
autotransformer, Since the capacity of the centrifugal pump was approximately 
25 times the design flow i n  the loop, a by-pass around the centr i fugal  pump 
was  included t o  handle the excess flow from the pump, Included in  the by-pass 
l i ne  was  a grav i ty  hydrogen separator which u t i l i zed  the force of grav i ty  t o  
separate hydrogen from the mercury so  t h a t  hydrogen would not  accumulate a t  
the pump i n l e t  during hydrogen testing. 

The design of the pump is shown schematically in Figure 6, 

The 

The pump w a s  driven by a Precise Super 60 e l e c t r i c a l  motor. 

A Minneapolis-Honeywell l eve l  control ler  w a s  employed t o  maintain the 
proper quantity of mercury in the boiler.  Indication of the leve l  was given 
by a Type 316 SS bellows assembly which sensed the difference in pressure a t  
two points i n  the boi le r  section 24 inches apart. A pneumatic s ignal  w a s  
transmitted by the leve l  control ler  t o  e i t h e r  the variable speed motor on 
the positive displacement pump or t o  a Type 316 SS Minneapolis-Honeywell 
control  valve located a t  the ou t l e t  of the centr i fugal  pump, depending on 
which pump was i n  operation,, 

A Type 316 SS venturi having a 0.035 inch diameter or i f ice  was used t o  
measure the mercury flow a t  the boi le r  entrances 
the vjntur i  was indicated by an inverted U-tube manometer of Type 316 SS 
construct ion 

The pressure drop across 

10 
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C. Centrifugal Hydrogen Separator 

l ine and was evaluated f o r  hydrogen separation capabili ty.  
designed f o r  a t o t a l  mrcury  flow of 3h pounds per  minute a t  a pressure of 
540 ps ia  and a temperature of hOO°F. 
separation of 0.0001 inch radius  hydrogen gas bubbles i n  a one ng" force f i e ld ,  
The f ina l  design provided f o r  a 13 "gn force f i e l d  and, as such, t heo re t i ca l  
separation of smaller bubbles should have been possible. The separator was 
designed t o  separate hydrogen from mercury a t  a rate of 0.2 pound per par, 
The hydrogen separated by centr i fugal  forces  w a s  removed from the separator 
by allowing the gas t o  diffuse through the  wall of a columbium tube (composE- 
tion g i w n  i n  Appendix I) which was connected t o  a cal ibrated vacuum col lec t ion  
system. The pe rmab i l i t y  of columbium at LOOOF w a s  determined by extrapolation 
of high temprature data (9). 
hydrogen a t  4OO0P was later determined at TRW t o  be lower t h  

considerable e r r o r  was introdyced in the surface area of columbium required 
f o r  removal of the separated hydrogen. 
sect ion concerned with da t a  col lected on the  Separator, 
experienced with columbium, a 1010 steel (composition given i n  Appendix I) 
diffusion window was  also evaluated. 

A centrifugal separator was included in the centr i fugal  pump discharge 
The separator was 

Design calculations were based on the  

However, the permeability of columbium t o  
the value used 

fo r  the separator design by a f ac to r  of approximately 4 X 1 r Thus, a 

This f a c t o r  i s  discussed further i n  the  
Because of the t rouble  

A drawing of the separator is shown i n  Figure 7, while Figures 2 and 8 
show the locat ion of the separator i n  t h e  system. 

Do Corrosion Product Separator 

Sunflower system i s  the possible plugging of the  turbine by corrosion products. 
One method t o  control t h i s  problem i s  t o  u t i l i z e  separators t o  remove t h e  
corrosion products. 
product separator, shown i n  Figure 9, was i n s t a l l ed  i n  the system in t h e  
horizontal  line a t  t h e  bo i l e r  exi t .  
in Figure 2. The separator u t i l i zed  tantalum wool (composition given in 
Appendix I) as a g e t t e r  f o r  separation of corrosion products carr ied over in 
the  vapor from t h e  boiler.  A drain line was included i n  the separator so 
t h a t  any separated IQqUid would be retbrned t o  t h e  boi ler .  The separator 
was fabricated from Haynes a l loy  No. 25, with the exception of the tantalum 
wool get ter .  
was used i n  the  separator. 
cubic inch of wlume occupied by t h e  tantalum, 
tantalum was 1 2  percent of the t o t a l  separator volume available. 

Eo Enclosure 

As s ta ted  earlier i n  the report, one of the  problems encountered i n  the  

Gonsequently, after 3833 hours of operation, a corrosion 

The locat ion of the separator i s  shown 

A t o t a l  of 7.5 pounds of tantalum (0.Od-t inch diameter w i r e )  

The volume occupied by the  
The packing fac tor  w a s  0,073 pound of tantalum per 

The e n t i r e  system, with the  exception of pumps and instrument sensing 
units,  was ins ta l led  i n  a two-foot square enclosure fabricated from sheet 
m ta l  and Unistrut framing supports. After i n s t a l l a t ion  of the loop, t he  
enclosure was f i l l e d  with vermiculite which served as the insulation. A 
photograph of the loop ins ta l led  in the  enclosure is shown in Figure 10, 
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Figure 8. Photograph of t h e  Centrifugal Pump By-Pass line, 
Showing the  Placement of  the Centrifugal Separator. 
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A 

Figure 10. Photograph Showing the  Placement of t h e  b o p  
Within the Insulat ion Enclosure. 
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I11 FABRICATION ANI ASSMEEY 

A. Fabrication 

The loop tubing was fabricated in sub-sections, Because of the manner 
in which the  sub sections w e r e  fabricated,  several had one or  more bends. 
The bends i n  the one-inch tubing were made on a four-inch-center-line radius. 
A three-inch-center-line radius was used f o r  the one-half inch tubing. 
welding, a l l  t h e  tubing sections were cleaned in a Kolene salt bath followed 
by an acid pickle. 

Before 

The fittings required t o  connect the various components t o  +,he loops 
1 were  made from small pieces of tubbing welded together. 

The gravity hydrogen separator, located i n  the centrFfuga1 pump by-pass 
was made from one-sixteenth inch Haynes alloy No. 2s sheet. 
was completely welded. 

B. AssenibQ 

diaphragm pump lines, were pre-assembled on the bench. A l l  welding was 
done by the tungsten arc- iner t  gas process. 
were protected by flowing argon through the tubbg,  A t  t h i s  point the  loop 
skeleton w a s  mounted in the enclosure. 
positioned on the enclosure fram and t h e  centrifugal pump by-pass l i n e s  were 
then welded in. 
associated tubing. 
t o  the loop taps. 

C. Zeak Testing 

leaked checked. 
t o  the  centr i fugal  pump sealed off,  
pressurizing the loop t o  600 psig and us- a soap solution t o  check for leaks. 
A f e w  small leaks were found and were immsdiately repaired. 
was then checked under vacuum. 
the  use of a mass spectrograph. These leaks were a l s o  sealed, A final 
vacuum leak check conducted over a 1s-hour period showed a leak r a t e  of 
135 microns per hour. 
was 50 microns. 

The separator 

Sections of the loop, except f o r  the centrifugal pump by-pass and 

During welding, a l l  the welds 

The centrifugal pump was then 

I The same process was done with the diaphragm pump and 
The final s t ep  was t o  weld the pressure gauge diaphragm 

After a l l  the components were placed and welded, the  loop was thoroughly 
A l l  leak checking was do& w i t h  the  inlet and out le t  l i n e s  

The f i rs t  check w a s  accomplished by 

The e n t i r e  loop 
Several other small leaks were found throtlgh 

The lowest pressure attained during the leak t e s t i n g  

17 



D. Re-Operation 

After the 135 micron/hour leak rate was obtained, the ent i re  loop was 
re-checked using the helium mass spectrograph. 
indications of vacuum leaks could be found. Thus it was  f e l t  t h a t  because 
of the  various valves and external  taps  located around the loop, t h i s  leak 
rate was the best  attainable.  
and the  heaters were put in to  place. 
spot welding the individual leads t o  the  tubing with a one-sixteenth inch 
gap between the two wires. 
which centered the heater around the  tubing. Stainless  steel  s t raps  were 
used t o  hold the heaters i n  place. 
are shown i n  Figure 1, 
loop enclosure with insulation. 
Vermiculite . 

During t h i s  re-check, no 

A t  t h i s  time, the thermocouples were mounted 
The1 thermocouples were attached by 

The heaters were mounted on ceramic spacers 

Locations of thermocouples and heaters 

The insulat ion used was a granular expanded 
The f i n a l  s t ep  before loop start-up was t o  f i l l  the 

Before operation, the loop was pretreated by completely l iquid f i l l -  
the loop with mercury. 
18 hours a t  250.F. 
loop operated f o r  an addi t ional  72 hours. 
through the loop was approximately 180 pounds of mercury per hour. 
the pretreatment, the  loop was cooled and the mercury was drained in to  the 
sump. 
During f i l l i n g ,  the  loop was  placed under vacuum and an over-pressure of 
argon was placed i n  the sump t o  force the  mercury in to  the loop. 
w a s  accomplished by reverse techniques. 

D u r i n g  the treatment, t he  loop was operated f o r  

During t h i s  period, the f low 
The loop temperature was then raised t o  500°F a d  the 

kfter 

All f i l l i n g  and draining operations were done through the  sump. 

Dumping 

During t h i s  pre t rea tmnt  period, it was found t h a t  the diaphragm pump 
had t o  be primed before the  pump would operate properly. This was done by 
f i l l i n g  the diaphragm pump i n l e t  l i ne  f i r s t  while the  loop was still under 
vacuum. F i l l i ng  was made through the hydrogen inject ion f i t t i n g  located in 
the subcooler. After the diaphragm pump i n l e t  line was f i l l e d ,  t he  rest of 
the loop was f i l l e d  through the  sump into the  boiler.  

18 



A. Operating Procedure 

The loop was f i l l e d  in a manner similar t o  t h a t  previously described. 
The bo i l e r  was f i l l e d  first. 
exit line up t o  halfway between the  two level controller taps. A n  addi t ional  
10 pounds of mrcury  were then added through the subcooler hgdrogen inject ion 
f i t t i n g .  
of the filling operations were done with the  loop under vacuum. 

Enough arercury was added t o  f i l l  the boi le r  

This addi t ional  mrcury  w a s  used t o  prim the  diaphragm pump. A l l  

During the initial attempts a t  two-phase operation, the boi le r  was 
brought up t o  operating temperature first. 
the superheater up t o  operating temperature. 
during the start-ups, the superheater loaded up with l iqu id  mercury. Be- 
cause of this ,  the heating of the superheater was er ra t ic .  Also pressure 
surges were experienced because of molaentary loca l  boil ing in  the  superheater. 
In an attempt t o  r e c t i f y  t h i s  problem, both the  boi ler  and superheater were 
f i r s t  heated t o  400OF. Then the superheater temperature was raised t o  1150 
t o  1200°F. 
the superheater was brought up. Also, the loop was left  open t o  the vacuum 
pump during t h i s  part of the heating. Once the  superheater temperatures 
were achieved, the vacuum pump w a s  disconnected from the loop. The bo i le r  
was then brought up t o  temperature. Once two-phase operation was star ted,  
t he  controls were then adjusted t o  give the operating conditions. This 
procedure appeared t o  be successful and was followed throughout the operating 
l i fe  of t he  loop. 
fo re  the loop tes t  w a s  terminated. 

B. Operation 

operating conditions f o r  each run are l i s t e d  in the table.  Also, t he  length 
of operation and the  cause of shutdown f o r  each run a re  listed. In a l l ,  
f i f teen d i f fe ren t  operational runs uere made during the  lifetime of the  loop. 
Once operating conditions f o r  each run were reached, the controls were able 
t o  maintain tfiese conditions. However, because of the  temporary shutdowns 
and other  reasons, the actual  operating conditions varied from run t o  run. 
Because of the variance, t h e  discussion of the loop operation has been 
divided in to  several operational periods. 

Then attempts were made t o  bring 
However, it was found that 

The boi le r  was allowed t o  soak a t  4OOT while the temperature of 

A t o t a l  of' 5292 hours of operation were accumulated be- 

An overal l  h i s tory  of the loop operation is  shown in  Table 1. Average 

1. Runs 1 through 5 

The loop operated a t  its lowest conditions during these first five runs. 
As shown i n  Table 1, the average boiling pressure obtained never exceeded 
98 psia in any of these rum. The boiling temperature varied between 838 t o  892OF. 
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The superheater ou t l e t  temperature varied from 968 t o  1234°F. 
considering t h e  low pressure drop across the  orifice (25 t o  48 psi)  plus 
tbe temperature and pressure conditions i n  the condenser, t he  mrcury vapor 
enter ing t h e  condenser was apparently l o w  in quality. 
of the superheater w a s  170 t o  3979 higher than t h e  b o i l e r  temperature, the  
mercury vapor apparently was  not drying out in the superha ter .  
(run no. 5 )  t h e  superheater pressure exceeded t h e  bo i l e r  pressure (80 pia) 
by 21  psi. Evidently, during t h i s  run, additional boiling was occurring in 
the  superheater. The condenser conditions varied as follows: pressure, from 
22 t o  77 psia;  and temperature 462 t o  750°F. The flow rate varied from 
87 t o  197 pounds per hour. 

However, 

Although the temperature 

In one case, 

As shown i n  the  table, tb first four shutdowns resul ted from the spot 
The  open junction allowed the  temperature welded thermcouples opening up. 

recorded t o  drive upscale beyond t h e  l i m i t  point. 
temperature l i m i t  sa fe ty  c i r c u i t  and cause shutdown of t he  loop. 

This would actuate the  

Run No. 5 was stopped when a leak occurred i n  the superheater. 
the  heaters were removed, a small crack i n  the superheater tubing w a s  found. 
This crack was about one-half inch long and ran at  an angle of about 45" 
t o  the tube axis. 
ruptured sect ion of tubing was replaced with new tubing. Results of the 
analysis are discussed in the loop examhation section of the  report. A 
t o t a l  of 262 hours of operation were accumulat8d during the  f i r s t  five runs. 

After 

The location of t h e  leak is shown in Figure 11. The 

2. Runs 6 through 9 

Operation of the loop during these four  runs was similar t o  that ex- 
perienced during the first five runs. The only major difference w a s  that 
the boi l ing pressure w a s  increased. The average boi l ing pressure f o r  t h e  
runs varied between a7 and 274 ps i a  (965 t o  1070°F). 
run (No. 8) where the  supe rha te r  pressure exceeded the  boi l ing  pressureo 

Again there was one 

As discussed under t h e  f k s t  five runs, t h e  same trouble w a s  experienced 
in obtaining superheat. 
the  boi l ing temperature by 218 t o  320aF. 
across the  o r i f i ce  was small (17.34 psi). Also ,  the temperature and pressure 
conditions d id  not correspond with each other. The average cordenser con- 
d i t i ons  were; pressure, 106 t o  245 psia; and temperature, 410 t o  773°F. 
The flow rate varied from 101 t o  206 pounds per hour. 

The ou t l e t  temperature of ths superheater exceeded 
But, again the  pressure dkop 

The first  two runs during t h i s  series uere again stopped because of 
open thermocouples. 
was changed. 
ends of the  thermocouple were beaded and held against the w a l l  by use of a 
chrome1 strap.  
against the  tube uall. The thermocouple bead was protected with Saureisen 
cement . 

After run no. 7, t he  method of munting the thermocouples 
Instead of spot weld% each thermocouple lead t o  the  loop, t he  

The s t r a p  was  spot welded t o  t h e  tube t o  hold the  bead t i g h t l y  
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Run No. 8 was stopped as the result of a plant pouer outage. while 
attempting t o  restart the  loop, several heaters i n  the boi le r  burned out. 
These were replaced, Run  No. 9 was stopped when a leak occurred in the  
p l a s t i c  tubing connecting the venturi  t o  the flaw msasuremnt manometer, 
addi t ional  988 hours of loop testing were accumulated during R u n s  6 throogh 9. 
Ths t o t a l  amount of loop t e s t ing  time a f t e r  Bun No, 9 was 1250 hours. 

An 

While the  loop was down following Run No. 9,  a new bluuer was i n s t a l l ed  
Up t o  t h i s  point, the  195 CFH blower was not able t o  cool in the  condenser. 

t h e  condenser properly. Before the  new blower was ins ta l led ,  t h e  condenser 
tube was wrapped with a 0.125 inch 03, copper cooling coil. H O W V B ~ ,  
plugging of the  copper tubing was a continual problem, In  order t o  r e c t i f y  
t h i s  d i f f i cu l ty ,  a new 1000 GFM blower was instal led,  Also, a 0,25 inch 0.D. 
copper cooling c o f l  was wrapped around the  outside of the  condenser manifold, 

3* R u n s  10 through 15 

As contrasted t o  the f i r s t  nine runs, the last six were qui te  different .  
Upon start-up of Run No. 10, a s ignif icant  pressure drop w a s  obtained across 
the  o r i f i ce ,  The pressure drop was maintained throughout the rest of the  loop 
operation. As shown i n  Table 1, the average pressure drop varied between US 
and 329 psi ,  During the las t  six runs the  condenser inlet pressure was main- 
tained between s and 15 psia (estimated). 
varied between 557 and 634°F. No correlat ions between the  condenser tempera- 
tu re  and pressure were attempted in tha t  the  condenser pressure gauge was 
dawged. In that the condenser pressure could not be masured direct ly ,  it 
was estimated from the pressure measured a t  the oyif ice  and specimen holder 
ouctlet. 

The average condenser temperature 

As shown i n  Table 1, the average boi ler  conditions varied as follows: 
bofling pressure, llJ t o  3 6  psia; and boiling temperature, 960 t o  1115°F. 
The superheater ou t l e t  temperature varied between 1225 and 12851p0 
rate varied between 66 ard 206 pounds per hour. 
the tine (3838 hours) during the last  six runs was  accumulated at a flow rate 
of 98 pounds per hour. Ftgures 12 and 13 show the average temperature pro- 
files f o r  Runs 13 and 15. As can be seen except f o r  the temperature of the  
vapor ex i t ing  from the superheater, the  lQuid and vapor temperature varied 
during each run as much as l66'F. The temperature of the vapor leaving the 
superheater w a s  f a b l y  constant between 1272 and 12?9'F, 

The flow 
However ,  the majority of 

R u n s  10 and 11 were stopped because of thermocouples located in the 
boi le r  e x i t  exceeding the  temperature l i m i t ,  
passed, the safety c i r cu i t  disconnected the power from the loop, 
of the manner i n  which the safety c i r cu i t  vas connected, the loop had t o  be 
manually res ta r ted  after the lfgit control was actuated. 

Once the temperature l i m i t  was 
Because 
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Run No. 12 was stopped so that planned and scheduled design changes 
could be made on the loop. 
Haynes al loy No. 25 hydrogen diffusion window was replaced with a columbium 
tube. 
by-pass . 

The major change was i n  the  condenser. The 

Also several  other minor changes were made in  the  centr i fugal  pump 

Run No. 13 was a l so  stopped as planned, t o  allow re-working of the  loop. 
A t  t h i s  time, a f t e r  3,833 hours, the vapor c rudsepara tor  was ins t a l l ed  i n  
the entrance t o  the superheater. 
Figure 2. 
was a l so  added. 
back t o  the boiler.  

The location of the  separator i s  shown in 
A drain connecting the  crud separator t o  the  bottom of the b o i l e r  

This drain was used t o  allow any condensing l iquid t o  drain 

A t  the same t i m e ,  a new piece of columbium was placed i n  the  condenser 
Also, a new hydrogen inject ion f i t t i n g  was added ahead of the con- window. 

denser window. 
and a new window, fabricated from Croloy 9M, was ins ta l led  near the super- 
heater outlet .  
where the old window was removed. These changes are also shown in Figure 2. 

The Haynes a l loy  No. 25 window was removed from the  condenser, 

A new piece of Haynes a l loy  No. 25 tubing w a s  installed 

Between runs 13 and l.4, 27 hours were accumulated. However, no da ta  
were taken during t h i s  time i n  that the loop was continually being shut down 
because of indicated high mercury vapor counts around the  loop. Sixteen 
hours af ter  run No. l4 was started, the  loop was shut down because of a l o s s  
of flow. Examination of t h e  loop revealed a rupture in the bo i l e r  inlet 
tubing. 
section of tubing was replaced. 
are given i n  the  sect ion on loop examination. 
1,416 hours, w a s  uneventful. 

The f a i l u r e  occurred a f t e r  3,876 hours of operation. The rup tu red  

Run No. 15, which lasted f o r  
Results of the examination of the  failure 

Operation of the  loop was normal. 

C. Problems 

The problems encountered during the  operation of t he  loop were two-fold. 

This was solved by changing the mthod of attaching the thermo- 
The f irst  problem was t h a t  of thermocouples breaking and causing shut down 
of t h e  loop. 
couples t o  the loop. 

The other problem was concerned with obtaining the proper operating 
conditions. 
Also, t rouble  was experienced with obtaining proper cooling i n  the  condenser. 
Upon start-up of Run No. 10, the  boi le r  and superheater f i n a l l y  became con- 
dit ioned and superheat was obtained. However, the boi l ing conditions had 
t o  be kept below 260 psia  and 1060OF t o  maintain the  pressure drop across 
the  orifice a t  a flow rate of 98 pounds per hour. 

During the first 1250 hours, superheat could not be obtained. 
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V HPDRocrEN INJECTION BND FWIOVAT, 

As s ta ted  previously, one of the problems associated with us- l i thium 
hydride in a heat col lector  is the t ransfer  of hydrogen in to  the  mercnry 
working f l u i d  b y  tbe diffusion through the  t u b a  w a l l s .  The hydrogen results 
from the  dissociation of tbe li thium h*ide, which occurs in the 1200 t o  16000~ 
temperature range encountered i n  the Sunflower system. The presence of hydrogen 
i n  the mrcury  could r e s u l t  i n  serious operational problems, t h e  most serious 
of which would be with the  centrifugal-type transfer pump uhich is susceptible 
t o  cavi ta t ion and resul tant  loss  of prime. 

Because of t h i s  problem, one of the tasks  f o r  the test program was t o  
appraise hydrogen removal techniques. During this task, two d i f fe ren t  con- 
cepts of hydrogen removal were stndled. The first involved the  diffusion of 
hydrogen through the tube w a l l  i n  the  vapor regions of t he  loop. The second 
mthod employed centr i fugal  force t o  separate the hydrogen in an al l - l iquid 
region of t he  loop. 
centr l fugal  forces  required, this separator was ins ta l led  in the  centr i fugal  
pump by-pass line. Discussion of the cent ruugal  separator will be made i n  
conjunction with the discussion of the c e n t r i f x a l  pump. 

I n  tha t  a high mass flow r a t e  was required t o  obtain t h e  

I A. Hgdrogen Diffusion Windows 

I ' 
I 

As stated,  one approach fo r  keeping the  influx of hydrogen from becoming 

The purpose of t h i s  phase was to  investigate 
a problem would be t o  provide areas outside of the boi le r  w h e r e  hydrogen could 
diffuse back out  of the system. 
such areas. 

I 
' 

I 

Since the  permeability of a metal is a direct  function of temperature, any 
area chosen t o  a c t  as a window would have t o  be hot enough so  tha t  hydrogen 
could diffuse through freely. In the  Sunflower system, the  only area which 
meets t h i s  temperature requirement is the vapor regionbetween the boi le r  and 
the turbine. 
in the  super-heater and condenser inlet regions of the system, 

In the work-horse loop, the hydrogen window areas were located 

These windows were segments of the loop tubing which were encased i n  
-11 vacuum chambers. 
and t o  keep the p a r t i a l  pressure of hydrogen on t h e  outer surface of t he  tube 
as low as possible. Figure lh shows the general design of these windows. 

The chanibers served t o  simulate outer space conditions 
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1, Materials 

The materials t e s t ed  during the  hydrogen removal studies  are shown in 
Table 2. Tfie H a p s  alloy No. 25 tubing, wfiich was the first material 
tes ted,  was part of the original loop. During fabr ica t ion  of the loop, 
the  vacuum chambers uere welded around segments of the  tubing t o  f o r m  the 
windm a s  i l l u s t r a t e d  i n  Figure, l4A.  The location of these wiadowa is 
shown i n  Figures 1 and 2, After 2223 hours of loop operation, the  material 
in  the condenser window was changed t o  columbium. A new chamber was fabri -  
cated far this window with a Type 316 SS socket weld-to-flareless tube 
f i t t i n g  union welded i n  each end plate aa i l l u s t r a t ed  in  Figure I@, The 
f l a r e l e s s  tube fittings uere used t o  s e a l  the columbium tubing, The can 
was mounted i n  the loop by welding the  existing tubing into the socket weld 
f i t t i ngs .  The location of the Winaow was not changed. A g a h  a f t e r  3833 
hours of operation, the window materials were changed, 'Phe H a p e s  alloy 
No, 25 in  the superheater was replaced with Croloy 9M tubing and the window 
was moved closer t o  the superheater exit. Haps alloy No. 25 socket weld 
unions rere used t o  join the Croloy 9H windm t o  the loop tubing, Tbe 
design of t h i s  window was qui te  similar t o  tha t  shown i n  Figure m, except 
that an all-welded construction was used, A IBW section of columbium 
tubing was placed in the coxrlenser. Also, a mu hydrogen inject ion port 
was added t o  t h e  condenmr just ahead of the  condenser uindow. 
are shown in Figure 2. 

These changes 

2. Vacuum Collection System 

Tbe vacuum chambers were connected to a vacuum pumping and col lect iag 
The pumping part of t h e  system consisted of a laechanical roughing system. 

pump, an o i l  diffusion pump, a Piriani gauge and a McUod gauge. The 
measuring part consisted of a collecting chanber and a Toepler pump. 
McGod gauge was  used f o r  a l l  pressure readings on both the  pumping and 
col lect ing system. The oomplete vacuum system is outlined in  Figure 15. 
Figure 16 shows a photograph of the pumping and col lect ing p o r t i m  of t h e  
system. The roughing and diffusion pumps were naed t o  pump the s y s t e m  
(vacuum ard col lect ing c h a r h r s )  down t o  a pressure of approximately 10 mm 
Hg, Once the s y s t e m  was punrped doun, t h e  vacum pumps were valved out of 
the system and t h e  Toepler pump was then used to pump tbe hydrogen from the 
vacuum chamber h t o  t he  col lect ing chanber, The voluaae of the col lect ing 
chamber was calibrated,  
Sl'P) could be determined d i r e c t l y  from the pressure r i s e  i n  the col lect ing 
chaanber w i t h  time. 
&Bod gauge, 

The 

Thus, t h e  col lect ing r a t e  (cc/hr of hydrogen at 

The pressure IELS measured manually by means of the 
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Before a col lect ion run was made, a blank leak rate was determined 
f o r  t h e  ent i re  vacuum system. 
the vacuum pumps and measuring the pressure rise in the col lect ing chamber 
over a period of  time. 
flow of gas i n t o  the col lect ing chamber. 

The leak rate was obtained by v a l v h g  out 

The Toepler pump w a s  used t o  insure a posi t ive 

k c a t  ion 

Superheater 

Superhe at er 

Condenser 

Condenser 

Condenser 

Tube Size 
Wall 

Oo Do Thickness 
Material (Jh.3 (In.) 

Haynes Alloy No, 25 loOO 0,065 

cro loy  9M 0050 0.083 

Haynes Alloy No. 25 O d O  0.049 

Columbium 0,62 0.060 

Columbiwn 0062 0.060 

J o k i n g  
Method 

O p i g h l  
Tubing 

Welded 

Original 
Tubing 

Flare  l a s s  
Tube F i t t h g s  

Flare18 ss 
Tube F i t t fnes  

Hours As 
Part of 

zoop 

33629 

19563 

768 

2,961 

1,563 
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Figure  16. Photograph of Vacuum Hydrogen Collection System. 



3. IIsdr ogen Inject ion 

a. Constent Flow H y d m g  en Injection 

Two d i f f e ren t  methods of inject ing controlled amounts of hydrogen wem 
The f i rs t  mthod employed a miniature needle valva t o  control  the used. 

rate of hydrogen flow into t h e  loop. This injector consisted of two hydrogen 
tanks (high and low pressure) and associated pressure regulators,  the 
mte r ing  valve and a pressure gauge on either side of the  laetering valve. 
Figure 17 shows how the components were arranged. 
so that t h e  hydrogen flow could be directed into the loop, or diverted t o  
a gas burette for calibration. During an injection run, the  rate of f l o w  
was regulated by adjusting the  metering valve. Throughout the tests 3x1 
which t h i s  injector  was used, the pressure drop across the metering valve 
was held constant a t  2 0  psi. In general, the high pressure tank was used 
f o r  inject ing hydrogen in to  the  loop, whereas the low pressure tank was  
used for ca l ibra t ion  purposes. 

The injector  was designed 

With hydrogen gas a t  conditions between atmspheric  pressure and 

Therefore, the  
250 psia,  the flow of gas through the metering valve was found t o  be 
dependent only on the pressure drop across the valve. 
ca l ibra t ion  of the  mter ing  valve was  effected by measuring a volume of 
gas over a given time period f o r  a given set of conditions f o r  the valve. 
During calibration, the gas pressure inside the gas-burette was held at 1 atzn. 
With a given se t t ing  on the  valve, the f l o w  was measured w h i l e  maintaining 
the pressure upstream of the  mte r ing  valva at 20 p i g .  During the  injection 
run, the  upstream pressure was adjusted so as t o  maintain the  20 p s i  drop 
across the valve. 

Because of the manner i n  which the  work-horse loop was operating a t  
the t im,  all inject ion runs were made with an upstream pressure between 
200 and 230 psia. 

b. Constant Volume Hydrogen Injection 

Figures 18 and 19 show the second method used for inject ing hydrogen. 
This method used an automatic pipet tor  t o  inject  controlled v o l m s  of 
hydrogen in to  t h e  loop. 
a one cylinder posi t ive displacemnt pump. 
speed could be varied. 
could a l so  be varied. 
equipped with a low pressure (0 t o  10 ps i )  regulator. 
punp was connected t o  a manlfold containing three solenoid valves. 'pwo of 
these valves were arranged such t h a t  there  was an in te rmdia te  chamber be- 
tween the pump and the  loop. 
the loop from the  pump. 

As shorn i n  Figure 18, the  pipet tor  w a s  essent ia l ly  
Both the pump stroke and pump 

The inlet t o  the  p u p  was f ed  from a hydrogen tank 
Thus, the  amunt of hydrogen injected per uni t  ti- 

The ou t l e t  of t he  

The purpose of  the chamber w a s  t o  i so l a t e  
This allowed both t h e  loop and the chamber t o  be 
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Figure  18. Photograph of Control led Volum Hydrogen I n j e c t i o n  Unit. 

35 



PIPING 

MERCURY FLOW - 
SOLENOID VALVE 2 

3/8 INCH O.D. 
NYLAFLOW 

SOLENOID VALVE 

SOLENOID VALVE 1 

HYDROGEN 
FROM 

FILLAMATIC 
FILLER 

E LECTRI CA L 
0 I 1 

1 

/MICROSWITCH 3 

MICROSWITCH 2 SOLENOID 

SOLENOID MICROSWITCH 1 (CLOSED) 

SOLENOID SHAFT GEARED TO ROTATE 

MATIC FILLER 
ATSAME SPEED AS FILM- 

VALVE 1 

VALVE 2 

VALVE 3 

FIGURE 19 SCHEMATIC DIAGRAM OF THE CONTROLLED VOLUME 
HYDROGEN INJECTION SYSTEM 



operated as d i f fe ren t  pressures. 
when going from high pressure back t o  low pressure. The solenoid valves 
were opened and closed by micro switches which operated off a cam shaft. 
The cam shaft  w a s  geared t o  the  punip eccentric shaf t  and rotated at the 
same s p e d .  The switches were s e t  so t ha t  hydrogen would be admitted t o  
the chamber during the compression stroke of the pump, The chamber was 
closed t o  the pump and open t o  the loop during the  pump intake cycle, 
The bleed-off on the chamber w a s  sandwiched between the end of the intake 
cycle and the beginning of the  compression cycle. 
manner allowed a continuous but  cycl ic  injection of hydrogen i n t o  the  loop. 

The t h i r d  valve acted as a bleed off  line 

Operation in this 

T h i s  system w a s  a lso calibrated by use of a gas burette. During 
calibration, the  out le t  from the chamber w a s  connected t o  the  gas buret te  
which was f i l l e d  with mercury. 
was allowed t o  displace the  nrsrcury in t h e  burette f o r  a given period of 
time. 
t he  loop and the hydrogen was injected, 

The pump w a s  turned on and the  hydrogen 

Once a volume r a t e  w a s  determined, the  injector  was connected t o  

4. Injection F i t t i ngs  

In the  or ig ina l  loop configuration, f i t t i n g s  f o r  hydrogen inject ion 
were located in  the  e x i t  of the  superheater and subcooler sections (Figure 1). 
After 3833 hours, the f i t t i n g  i n  the  superheater was moved upstream of the 
superheater window a s  shown i n  Figure 2. Also, an inject ion f i t t i n g  vas 
added in the condenser, jus t  upstream of the  condenser window. 
shows the design of the inject ion fittings used. 

Figure 20 

5. R e s u l t s  

A summation of a l l  the work on inject ion and removal is shown in 
Table 3. 
three categories. 
material in both the superheater and condZnser. 
both the  superheater and subcooler and the removal attempts were made on 
the windows in the  superheater and condenser. Except f o r  one run, the 
amount of hydrogen removed was negligible. 
s tan t  flow technique, a removal r a t e  af 5.43 cc/hr. was obtained. However, 
from observing the operating character is t ics  of t he  loop during this run, 
it appeared as if the  loop was averloaded with hydrogen. It did not appear 
a s  if there  was any re lat ionship between the hydrogen inject ion and removal 
locat  ions . 

In a l l ,  the  success was limited, The r e s u l t s  can be divided in to  
In the i n i t i a l  tests, Haynes a l loy  No. 25 was the w i d o w  

Hydrogen w a s  injected in to  

In the one run, Using the  con- 
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After 2223 hours of operation, the  window material i n  the condenser 
w a s  changed t o  columbium. 
remove hydrogen through the columbium window. 
unsuccessful, However, it w a s  f e l t  that t h i s  was  pa r t ly  due t o  oxidation 
of the columbium tube,, Before ins ta l la t ion ,  the columbium tube could not 
be protected from surface adsorption of oxygen. 
within the vacuum chamber by use of f l a r e l e s s  tube f i t t i n g s  because of 
welding problems. This too caused trouble,  in that when the chamber was 
opened t o  replace the columbium tube, it was found tha t  the f i t t i n g s  had 
leaked and allowed mercury t o  en ter  the vacuum chamber. 
columbium a l so  undoubtedly occurred a t  t h i s  t i m e  . 

Three attempts (Runs 8 9  9 ,  and 10) were made t o  
These attempts were a l so  

Also, the tube w a s  mounted 

Oxidation of the 

A t  t h i s  t i m e  ( a f t e r  3833 hours of loop operation), the  window 
materials in both the superheater and condenser were changed t o  Croloy 9M 
and a new piece of columbium, respectively. 
t o  t h e  vacuum chambers. This was done s o  t h a t  removal could be attempted 
from e i ther  area during the  same inject ion run. Three separate in jec t ion  
runs were made with t h e  removal a l ternat ing between t h e  two windows. 
shown i n  Table 3, the absolute amount of hydrogen removed was greater. 
However, t h e  removal rates were s t i l l  extremely low. 

recorded), t he  leak rate f o r  the separator suddenly increased t o  7.5 cc/hr. 
This occurred after 405 hours of operation had been accumulated on the  
columbium tube. A t  t h i s  time the vacuum system was disconnected from the  
columbium window chamber i n  order t o  inspect the chamber. The tube 
f i t t i n g s  apparently leaked, since a pool of mercury about three inches deep 
w a s  found in the bottom of the chamber. 

Also, a manifold w a s  attached 

As 

While t e s t ing  the  columbium window during Run No, 11 (which was not 

A t  the end of loop operation, the  columbium tube w a s  removed from the  
As with the f i rs t  tube, the columbium tube was again oxidized on chamber, 

the  outer surfaceo 

Bo Centrifugal Pump 

The capabili ty of the centrifugal pump t o  accept hydrogen gas without 
losing prime was evaluated by inject ing hydrogen in to  the i n l e t  side of t h e  
pump and observing changes in pump performance as hydrogen was injected, 
Hydrogen was introduced using two techniques: 

1) In the f i rs t  se r i e s  of t e s t s ,  known quant i t ies  of hydrogen 
were injected instantaneously, and the reaction of the pump 
t o  these s ingle  bubbles of hydrogen was observed, 

In the  second series of tests, hydrogen was injected a t  a 
constant rate, and the  change in performance of the pump 
with time w a s  observed. 

2) 
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The test procedure used and results obtained for each series of tests 

lhi t ia l  check-out of 
w i l l  be discussed separately. First, hawever, some remarks concerning 
the performance of the  pump i n  general are in  order, 
the  purrrp revealed t h a t  under certain conditions the  seals in the pimp 
leaked mrcury excessively t o  the  atmosphere. This s i tua t ion  obviously 
could not  be to le ra ted  during t e s t ing  with hydrogen since, with leakage, 
the  quant i ty  of hydrogen ac tua l ly  passing through the  pump could not be 
accurately determined. It was a lso  observed that the performance of the 
pump was far below t h a t  of other  pumps of the sane design ( 6 ) .  
reasons, t he  pump w a s  d i s m t l e d  and examined. 
found t o  have been heat affected and were replaced. 
t h a t  the  hpeller had been rubbing against  the  housing for some reason 
which could not be explained. 
t he  poor performance and excessive leakage experienced, 

For these 
Several O-ring seals =re 

It w a s  a l so  observed 

These two factors  could e a s i l y  account f o r  

After reassembly of the pump, t e s t s  w e r e  continued t o  determine the  
During these tests it was observed t h a t  seal leakage pu.inp(s performance. 

was still present and t h a t  t h e  leakage increased as dead-head conditions 
were approached. Consequently, it was decided t o  determine threshold 
conditions a t  which leakage t h r o x h  the seals was detected, These tests 
indicated t h a t  the pump could be operated over a l imited range of conditions 
with e s sen t i a l ly  zero seal leakage. 
evaluation of t he  hydrogen swallowing capabi l i t ies  of t he  pump were conducted. 
A t  frequent intervals during the testing pmgram, the seal leakage was re- 
evaluated, and seals were replaced when deter iorat ion f i r s t  became evident. 
In  a l l ,  t h e  pump was operated for a t o t a l  of approximately 1000 hourso 

With these l imi ta t ions  i n  mlnd, 

1, Single Bubble T e s t s  

Hydrogen was  injected in to  the pump inlet using the apparatus shown 
i n  Figure 21. 
in the gas burette u n t i l  the desired quantity of hydrogen had entered 
the  burette. 
read without t h e  e f f ec t s  of the head of mrcury upon the  hydrogen. 
quant i ty  was then converted t o  standard conditions. The gas was injected 
in to  the centr i fugal  pump through stopcock A by r a i s ing  the  leveling bulb 
so  as t o  force the  hydrogen bubble in to  the pump. 

The gas w a s  allowed t o  bubble through the  mrcury  column 

By adjusting the leveling bulb, the quant i ty  of hydrogen was 
This 

During the  testing, hydrogen bubbles were injected in to  the  centr i fugal  
pump i n l e t  in increments of 0.17 cc (S'P), beginning with 0.17 cc (SP) and 
continuing until the  quant i ty  of hydrogen required t o  cause the pump t o  lose 
prime was  determined. The data were obtained as a function of the  fo l lowkg 
variable s : 

1) pump i n l e t  pressure 

2)  pump out le t  pressure 

3) Pump speed 
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When the  hydrogen m s  injected i n t o  the pump, these variables were observed 
closely. It was  noted tha t ,  a s  the quantity of hydrogen was Increased, the 
pump performance would drop off b u t  would return t o  its or iginal  leve l  in- 
stantaneously. 
p q  performance would drop and would not be regained, even after two or 
three minutes. 
of hydrogen f o r  one specif ic  se t t ing  of pump conditions. T h a t  is, f o r  a 
given set of conditions, t h e  pump would regain p r i m  one tim but muld lose 
it completely when t b s e  conditions were repeated. 

Table 4 summarizes the data collected with single hydrogen bubbles. 
This t ab le  shows only those data points for which the  pump l o s t  prime and 
f a i l ed  t o  regain it. Those cases in which the pump performance decreased 
but then increased again a re  ignored here since the most important c r i te r ion  
of pump performance i n  these t e s t s  was complete l o s s  of prime. 
through 24 show the minimum quantity of hydrogen which caused the  pump t o  
lose p r i m  for specif ic  i n l e t  and out le t  pressures and pump speeds. 

However, there appeared t o  be a threshold volume at  which 

toss of p r i m  did not always occur with the  same quantity 

Figures 22 

Examination of the data reveals a considerable degree of scat ter .  
A t t e m p t s  t o  correlate  t he  quantity of hydrogen mquired t o  cause loss of 
prime with pump speed for specif ic  pump inlet and out le t  pressures haw 
shown t h a t  no clear-cut re la t ionship is present. 
that as t he  pump i n l e t  pressure is increased, capabi l i ty  of t h e  pump to 
accept larger  quant i t ies  of hydrogen in  a l s o  increased. 
case of the tests with an 11.5 psia inlet pressure, t h e  pump showd the 
capabi l i ty  of accept- extremely large hydrogen volunes. 
must be made with som reservation since the large hydrogen bubbles tended 
t o  break up a s  they entered the p u p .  
the pump w a s  demonstrated wi th  an inlet pressure of 11.5 psia. 

It is obvious, however, 

In  f ac t ,  in  the 

This s t a t e m n t  

In any event, extreme s t a b i l i t y  of 

Further examination of Figurds 22, 23, and 24 shows tha t ,  f o r  specif ic  
pump conditions, there  is a m a x i m u m  quantity of hydrogen tha t  may be safely 
intorudced in to  the pump without experiencing loss of prime. These data 
were evaluated, keeping in mind the f a c t  t ha t  som sea l  leakage may have 
gone undetected during tes t ing,  ami the apparent permissible hydrogen 
volumes f o r  sa t i s fac tory  pump operation =re determined. 
in summarized in Table 5. 

This information 
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QUANTITY OF HYDROGEN TO CAUSE CENTRFUI;AL PUMP TO LOSE F'FtIME 

I n l e t  Outlet  
Pressure Pressure 

psia  psia 

5 *5 201.5 

5.5 

5.5 

251.5 

201.5 



Inlet 
Press- 

P S b  

805 

8.5 

11.5 

Outlet 
pressure 

psia 

25L5 

301.5 

20105 

TAB= 4 (Continued] I I 
pump 
speed 
rpm 
33,000 
34,000 
35,000 
36,000 
37,000 
38,000 
39,000 

33 000 

40,000 

34,000 
35,000 
36, 000 
37,000 
38,000 

33,000 
34,000 
35,000 
36,000 
37,000 

Volume of Hydrogen 
cc (STP) 

2.26, 2.26, 2.61 
2.08, 2.08 
1.56, 1.56, 1-74 
1.22 
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MAXIMUM OUANTITY OF KPDROGEN THAT MAY BE INTRODUCED 

I N T O  THE CENTRIFUGAL PIIMP INTET WITHOUT LOSS OF PRIM3 

Pump Outlet 
Pressure 

Pia 

201.5 

251.5 

301.5 

301.5 

201.5 

251.5 

301.5 

201.5 

V o l m  of 
Ifydrogen 
cc (SPP) 

0.35 

0.35 

0.35 

0.17 

0.69 

0.87 

Om 87 

r6.0 
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2. Constant Rate Tests 

3-1 t h i s  se r ies  of tests, hydrogen was injected into the centr i fugal  
pump i n l e t  using the  apparatus shown schematically in Figure 25- 
valves A, C, and E closed, the system was f irst  evacuated through valve B. 
Valve B was then closed, valves A and E were opened, and hydrogen was in- 
troduced into the  calibrated volume. After closing valve A, the  argon 
over-pressure was s e t  a t  10 psig, valve C w a s  opened, and hydrogen was 
allowed t o  bleed in to  the centrifugal pump inlet  a t  a constant r a t e  through 
valve F. As hydrogen l e f t  the cal ibrated volume, the l eve l  i n  the mercury 
reservoir  would fa l l ,  resul t ing in a decrease i n  the  l eve l  i n  the mercury 
pressure switch, breaking the  e l e c t r i c a l  contact. 
valve E t o  open, and argon flowed in to  t h e  mercury reservoir  u n t i l  the  
or ig ina l  pressure had been re-established, a t  which time valve E would 
again close. 
( 2  2 psigg) in the calibrated volume during the course of a test. 
quant i ty  of hydrogen introduued in to  the  centr i fugal  pump was determined 
by noting the change i n  level in the calibrated volume with t h e .  These 
volumes were then converted t o  standard conditions. 

With 

This allowed the solenoid 

The hydrogen was thus maintained a t  a constant pressure 
The 

For t h i s  series of tests, the  gravi ty  hydrogen separator was removed 
from the by-pass around the  centr i fugal  pump so  t h a t  the  hydrogen injected 
in to  the  pump inlet could circulate  through the  by-pass l i ne  and re-enter 
the pump. 
Sunflower system more closely than if the hydrogen had been removed from 
the by-pass l i n e  after passing through the pump. 
on the pump were a l so  run in conjunction with the centr i fugal  hydrogen 
separator. 
shown in Figure 2. 
with Briskeat heating tapes, and some tests were conducted a t  350°F rather  
than a t  ambient temperature i n  order t o  improve the eff ic iency of the cen- 
t r i fugal  hydrogen separator. Examination of the  data revealed tha t  nei ther  
the  operation of the centrifugal hydrogen separator nor the  increase in 
temperature t o  350'F had any apparent e f f ec t  on the  performance of the pump 
with continuous inject ion of hydrogen. Consequently, the  data presented 
on pump operation does not indicate those cases i n  which the centr i fugal  
separator was operated nor those i n  which the  temperature was increased t o  350'F. 

pressure of 5-5  psia. 
Tests were conducted with pump out le t  pressures of 201.5, 251.5, and 351.5 psia. 
Hydrogen was injected into the pump ou t l e t  a t  constant rates, ard the  time 
required t o  cause the pump t o  lose prime was determined, 
in jec t ion  was then determined by noting t h e  volume of hydrogen removed from 
the  calibrated volume (Figure 23). 
Table 6 and Figures 26 through 28. 

This type of t e s t  thus simulated the condition found in the  

The performance tests 

The separator was ins ta l led  i n  a by-pass a t  the pump e x i t  as 
The e n t i r e  centr i fugal  pump by-pass line w a s  wrapped 

A l l  of the pump performance t e s t s  were conducted with a pump inlet 
The pump speed was varied from35,OOO t o  k0,OOO rpm. 

The rate of hydrogen 

The da ta  collected are summarized in 
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It w i l l  be noted t h a t  i n  some cases it is  indicated that the  pump did 
not lose  prime a f t e r  a spec i f ic  length of time, 
terminated a f t e r  an extended period of operation, while o thers  were termi- 
nated when the  pump motor overheated. 
t h a t  seizure of t he  beax=ings i n  the  motor might occur, and f o r  t h i s  reason 
the pump was shut o f f  before l o s s  of prime occurredo 

Some of t h e  tests were 

I n  t h e  la t te r  case, it was feared 

The data indicate no d i s t i n c t  correlat ion between rate of hydrogen in- 
ject ion and p u p  performance, 
between pump speed and time required f o r  t h e  pump t o  lose  prime a t  a given 
inject ion rate. In  general, it does appear that as  the  inject ion rate is 
increased the time required f o r  l o s s  of prime decreases, as is  t o  be expected, 
Also ,  an increase i n  the  pump o u t l e t  pressure appears t o  r e s u l t  i n  an in- 
crease i n  the t i m  required f o r  l o s s  of prime t o  occur. 

Similarly, there  appears t o  be no correlat ion 

The inconclusiveness of t h e  data may be explained by t h e  fact  that 
leakage of hydrogen through the pump seals was occurring, as was t h e  case 
with t h e  single bubble tests. 
co l lec t  i n  t h e  by-pass l i n e  and t h a t  la rge  quan t i t i e s  of hydrogen entered 
t h e  pump, causing l o s s  of prime. 
r e f l e c t  the effects of large, s ing le  pockets of hydrogen r a the r  than t h e  
e f f e c t s  of a continuous stream of hydrogen gas, 

It i s  a l so  believed that hydrogen tended t o  

The r e s u l t  of t h i s  would be tha t  t he  data 

C. Centrifugal Hydrogen Separator 

As previously discussed, the  centrifugal hydrogen separator was 
evaluated i n  conjunction with t h e  centr i fugal  pump during t h e  constant 
rate hydrogen injection t e s t s .  
and an iron (1010 steel)  diffusion tube, 
ject ion and the vacuum col lect ion system have been previously described (page 50 
and 29, respectively), so no f u r t h e r  discussion of e i t h e r  of the  two devices 
w i l l  be made. 

The separator was tested with both a columbium 
Both the method of hydrogen in- 

The pressure and flow conditions i n  t h e  separator were obtained by varying 
the  centrifugal pump output, 
ou t l e t  pressures of 201.5, 251.5 and 351,s psia. 
series was varied between 35,000 and 40,000 r p m .  
ducted w i t h  a pump i n l e t  pressure of 5.5 psia and, a l so ,  as stated i n  t h e  
constant ra te  in jec t ion  tes t s  on t h e  centr i fugal  purnp, the  separator was  
evaluated with t h e  centr i fugal  pump by-pass l i n e  and t h e  separator a t  both 
ambient temperature (80°F) and 350°F. 
centrifugal pump conditions a t  several djfferent h,ydrogen in jec t ion  rates 
and a t  both 80°F and 350"F0 

Three series of tests were conducted with punp 
The pump speed during each 
A11 of the  tests were con- 

Tests were made a t  each set of 
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The data  obtained during these tes ts  are summarized i n  Tables 7 through 9. 
As shown, f o r  the most pa r t  the attempts t o  separate hydrogen were unsuccessful. 
One tes t  (test no. ls), however, was par t ia l ly  successful. 
(Table 8) a hydrogen r e m o v a l  rate of a.7 cc/hr. (STP) was  obtained. 
t o  the inject ion rate of 90 cc/hr., t h e  r e m o v a l  rate was s t i l l  qui te  low. 
However, t h e  rate obtained was considerably higher than the other removal 
rates obtained. 

During test 15 
Compared 

When the  eparator was designed, a permeability va lue  of 
30 cc-mm/hr-cm’-atml/2 f o r  t he  separator was obtained by extrapolating 
high temperature data back t o  350°F ( 9 ) .  However, data obtained by 

formation the design Fake f o r  the permabi l i ty  w a s  high by a fac tor  of 
approximately 4 x lo+’. 
u n t i l  t he  tests had been completed. 

Unfortunately t h i s  information w a s  not obtained 

In  View of t h i s ,  a f i n a l  se r ies  of tests were conducted with a 
1010 steel tube in place of the columbium tube. Information available in- 
dicated tha t  the permeability of i ron t o  hydrogen i n  the temperature range 
of 350 t o  400T was a t  least an order of magnitude grea te r  than t h a t  for 
columbium. 
out le t  pressure and 8.5 psia i n l e t  pressure and 38,000 rpm. 
tests w e r e  made with the separator and by-pass l i n e  heated t o  350°F. 

This series was conducted a t  ~ m p  conditions of 351.5 psia 
Also, a l l  the 

Houever, as shown i n  Table 10, only a negligible amount of hydrogen 
was removed. After the  first and second tests and again after t h e  t h i r d  
test ,  the  tube was  removed, cleaned and polished. 
not improve the a b i l i t y  of t he  separator t o  remove hydrogen. 

However, even t h i s  d i d  
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VI EVALUATION AND RESULTS 

A. Mercury 

After t a r n h a t i o n  of t he  loop tests, the  power t o  the  loop was shut 
off and t h e  loop was allowed t o  cool. 
rammd from both the bottom of t.he boi le r  and 
out le t .  Draining was accomplished through lines connecting both 
points t o  the sump. However, instead of allowing the mercury to  flow in to  
the  sump, an external  t ap  was used so that the mercury could be col lected 
i n  a glass f l a s k  (approximately 16-pound capacity). 
nected t o  a vacuum pump s o  that  the mercury could be drained under vacuumD 
A t o t a l  of th ree  f lasks  (48 pounds) were removed from the  boi le r ,  

Once cool, t he  mercury wag 
the  diaphragm pump 

The f l a sk  was con- 

The f i r s t  f l a s k  appeared t o  be clean. However, t h e  second and t h i r d  
f lasks  had a layer of scum on the  surface. The amount of scum found in 
the  second f l a s k  was qui te  l i g h t  compared t o  t h a t  found i n  the t h i r d  f lask.  
A four th  f lask (15 pounds) of mercury was removed from the diaphragm pump 
out le t  under vacuum. A l l  four  
f l a sks  of mercury were then exposed t o  a i r  t o  see if any more scum would 
be formed. 
appeared t o  be the same as while it w a s  under vacuum. 

The mercury removed appeared t o  be clean. 

However, t he  condition of the mercury after exposure t o  a i r  

A six-pound representative sample of the  mercury from each f l a s k  was 
removed f o r  chemical analysis. After the samples were taken, the SCM 
from the second and t h i r d  f l a sk  was collected. The scum from each of the 
two flasks was added t o  the respective sample, 
mitted t o  chemistry f o r  analysis.  

The samples were then sub- 

The r e su l t s  of the analysis  of t he  mercury and scum removed from the 
loop are shown i n  Table 11, 

TABZE 11 

ANALYSIS OF MERCURY FROM KIRK-HORSE LOOP* 

co C r  N i  Fe W AshSHt Total  ---- 
Weight of element (gm) 1.5980 .2400 .a70 ,080O .0990 .1190 2,2830 

Percent of t o t a l  70.0 100 5 6.5 3.5 4.5 s a 0  100 

Amount in Hg (PPd  56.0 8.5 5.0 300 3.5 4.0 80,o 

U 
The compositions l i s t e d  are based on the t o t a l  63 pounds of mercury 
removed from the  loop. 

Residual ash formed a f t e r  igni t ion of perchloric acid precipi ta te .  
consisted of T a  and W with minor or trace amounts of Co, C r ,  Fe, Si, N i ,  and Mg, 

* 
The ash 
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The r e s u l t s  shown in Table 11 are based on wet analyses conducted 
on the  t o t a l  24 pounds of mrcury submitted. Although the initial 
analyses were based on the  24 pounds of mercury, the results l i s t e d  are 
calculated for the  f u l l  63 pounds of mrcury removed from the  loop. As 
shown, a t o t a l  of 2.238 grams of m t a l l i c  elemsnts were found in the  mercury. 
O f  t h i s ,  70 percent was found t o  be cobalt. A small amount of ash (5 percent) 
remained unidentified. 
analysis  which was t he  determination of the tungsten content, Spectrographic 
analysis of the  ash showed strong l i nes  for tantalum and tungsten. Winor 
or trace amounts of Co, Cr, Fe, Si, N i ,  and & were a l so  found, Also shown 
i n  Table 11 are the  f r ac t iona l  amunts of the elements found based on the 
t o t a l  weight of nrercury. 

This ash was formed during the last s t ep  of t h e  

Once drained, the loop w a s  s p l i t  i n t o  i t s  components (boi ler ,  super- 

Ehch section 

After t h i s ,  t h e  sections 

heater, and condenser-subcooler). 
Figure 2 9  shows the manner i n  uhich the loop was sectioned. 
was then brushed out t o  remove any loosely adherent deposits. 
removed was collected and held for examination. 
were s p l i t  in half lengthwise and visually examined. 
p s e n c e ,  location and appearance of a l l  deposits found. 

metallographic specimens were cut from the sections. 
specimens were removed a t  each thermocouple location. 
removed a t  a l l  points where t h e  tubing was joined by welding. 
of t h e  metallographic specimens are shown i n  Figure 29. 

Each component was then cut in to  sections. 

The deposit 

Notes uere made on the  

After the  condition of the  I.D. surface of t h e  tubing had been determined, 
In  general, t he  
Also specimens were 

The locations 

Chce the metallographic specimns were removed, t he  mmaining pieces 
of t h e  sections were scraped t o  remom a l l  of the adhering deposit. 
deposit removed from each section w a s  then combined with the  deposit brushed 
from each section and submitted t o  chemistry for analyses. 
from each section were kept separate so that the variation i n  deposit  com- 
posit ion from section t o  section could be determimd, 

The 

The  deposits 

1. Wtallographic Examination 

The specimens removed from the loop were mounted and polished. Evaluation 
of the  extent and type  of attack incurred i n  each specimen was made i n  both 
the  unetched and etched conditims. 
mercury can be c l a s s i f i ed  in to  the following categories: 

In general, t h e  c o m s i v e  at tack by 

(1) Iayer - a depleted or leached zone. 
The leached zone may be intergranular or uniform in progression. 
Intergranular cusps or s l i g h t  advance of layer  in grain boundaries 
over bulk grains m y  be seen in sonre layers. 
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Intergranular penetration - 
The grain boundaries a m  selectively attacked and penetrated. 
However, t h e  bulk of the  g r a i n  is  r e l a t ive ly  unaffected. 
Som leaching of constituents from the  bulk of the grain may 
take place. 

Crevice - 
Crevice attack is  the removal of metal resul t ing in irregularly- 
shaped f issures .  
pa ra l l e l  t o  and ju s t  under the surface. 

The crevice may be intergranular or m y  run 

P i t t ing  - 
Pi t t ing  is the removal of loeta1 r e s u l t i n g  i n  semicircular 
depressions . 
Ndge - 
Wedge attack is  the  removal of Illeta1 r e su l t i ng  in a wedge- 
shaped fissure. 

a. Boiler 

The r e su l t s  of the examination of the specimens removed from the boi le r  
are shown in  Table 12. 
the  weighted average temperature f o r  Runs 13 and 15 are  shown. 
intenpreting the corrosion results, these temperatures must be used with 
judicious care. 
t o t a l  operating life. 
temperature prof i le  f o r  the two runs, the temperatures, recorded for  the two 
runs vary qui te  widely. 
was in the  fprm on leaching along with a wedge type of attack of the grain 
boundaries. Hawever, i n  several instances the attack differed. In the  upper 
region of the bo i l e r  inlet, the  attack was in  t h e  form of p i t t i ng  and crevice 
formation t o  a depth of 0.001 in. 
Figure 30 (section No. 8, thennocouple No. 2). 

from a weld area in t he  lower region of the  boiler i n l e t  (section 11). 
shown in Figure 31, the  at tack incurred was 3n the form of leaching and in te r -  
granular penetration t o  a maximum depth of 0.06 in. 
resulted when the  new section of tubing was instal led in the  boi le r  inlet. 
This new section replaced the  piece of tubing removed because of the tube 
failure which occurred after 3876 hours of operation. 
weld and weld-affected area revealed very l i t t le ( 
weld, which w a s  made with material exposed t o  mrcury  f o r  3876 hours fused t o  
new unaffected tubing,looked very sound a s  shown in Figure 32. Also, there  
was no evidence of any deposit adhering t o  the surface of the newer section 
of tubing . 

Along with t h e  r e su l t s  from metallographic examination, 
However, in 

The tempratures given r e f l ec t  only 3026 hours of the 5262 hours 
Also, as shown in Figures 12 and 13, which give the 

In general, t he  attack incurred throughout the boi le r  

This type of a t tack is i l l u s t r a t ed  i n  

The heaviest concentration of attack was found i n  the specimen removed 
As 

The weld i n  t h i s  area 

The appearance of the 
.001 in.) corrosion. The 
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.001 in. 

Etchant: None 250x 

Figure 30. I.D. Surface of Specimen Removed f r o m t h e  Upper Region 
of t he  Boiler Inlet (Section No. 8, Thermocouple No. 2). 

*- . Back Up 

Etchant: None 25ox 

Figure 31. Appearance of Corrosive Attack Found on the  I.D. Surface 
of the Specimen Removed from t h e  Weld in the Mwer Part  
of the Boiler Inlet (Section No. 11, Weld). 
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Etchant: HF-HN03-~S~-l-$o 2sm 

Figure 32. Appearance of the  I.D. Surface of t h e  Weld Bead in the  
Specimen Removed from t h e  lower P a r t  of t h e  Boiler  Inlet 
(Section No. 11 Weld). 
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Throughout the middle region of t he  boiler, the  a t tack  found w a s  in 
t h e  form of leaching and a wedge type of a t t a c k  on the grain boundaries. 
The depth of a t tack  varied from 0.001 in. t o  O.OC& in. 
thermocouple No. 6 )  illustrates the type and extent of a t tack  incurred. 
smallest amount of a t tack  was found i n  Section 13, thermocouple No. B2. 
Thermocouple No. B2 was a control tbrmocouple which was located outside of 
its respective heater. 

Figure 33 (Section 12, 
The 

The predominant. form of a t tack in the  boi ler  ou t l e t  was  the  same as 
found in the  b o i l e r  middle. 
Figures 34 and 35 i l l u s t r a t e  t he  type and extent of a t tack  found in the  
ou t l e t  region. 
thermocouple B4.) 
region w a s  found on the specimen remved from Section 16, thermocouple No. 11. 
The a t tack  incurred in t h i s  area w a s  of the same general  type and occurred 
t o  a maximum depth of 0.005 in. 
was removed from the unheated bend connecting the middle and out le t  regions 
of the  boi ler .  

The depth of attack varied from 0.001 t o  0.005 in. 

(Specimens from S c t i o n  15, thermocouple No. 10; and Section No. 18, 
The heaviest concentration of a t tack i n  the  bo i l e r  ou t le t  

It is interest ing t o  note tha t  t h i s  specimen 

b. Superheater 

Compared t o  the  boiler,  the a t tack  incurred i n  the superheater w a s  l igh t .  
The results of the examination of t he  specimens removed from the  superheater 
are shown in Table 13. Again, the weighted average temprature for R u n  Nos. 13 
and 15 are shown. 
just for informative purposes. 
a depth of O.OOO5 in. w a s  found. 
shows the  general appearance of the  attack. 
the superheater was found i n  the  specimens removed from the  ou t l e t  region of 
the superheater. 
small amount of p i t t i ng  t o  a maximum depth of 0.001 in. 
(Section 26A, TC No. 29) is  representative of the maximum a t tack  found. 

However, as discussed before, these  temperatures are shown 
In  general, a l i g h t  crevice type of a t tack t o  

Figure 36 (Section 21, thermocouple No. 20) 
The greatest amount of a t tack i n  

The at tack again was i n  the form of a crevice type with a 
Figure 37, 

Along with the  attack, deposits of corrosion products were found along 
the tube wall  within the superheater. 
and appeared t o  be metallurgically bonded t o  the inside surface of the tubing. 
The grea tes t  amount was found in the  superheater inlet (Section 20 and 20A). 
Section 20A was removed after 3833 hours so that the crud separator could be 
in s t a l l ed  i n  the superheater. F i g u r e  38 (Section 20, thermocouple SH 1) 
shows the  general appearance of the deposit  at 100 magnification. 
region, t he  deposit  was ra ther  uniform i n  nature as shown in Figure 39 
(macrograph of a portion of Section 20). 
from 0 t o  .03 in. in depth. 

These deposits were metall ic i n  appearance 

In  t h i s  

The thickness of t he  deposit  varied 
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Etchant: H J ? - H N 0 3 - ~ ~ - ~ 0  250x 

33. I.D. Surface of Specimen Removed from the  Middle Region 
of the Boiler (Section 12 ,  Thermocouple No. 6). 

003 
J; 

1 .  .. - 

25m Etchant: None 

Figure 34. I.D. Surface of Specimen Removed rrom me Lower Part 
of the Boiler O u t l e t  (Section No. 15, Thermocouple No. 10). 

. 001 

Etchant,: None 25 Qx 
F%wm 35. LD. Surface of Specimen Removed from the Upper Part 

of the Boileroutlet (Section No. 18, Thermocouple No. Bk). 
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Figure 36. I.D. Surface of Specimen Removed from Superheater Inlet 
(Section No. 21, Thermocouple No. 20). 

Etchant: HF-HNo3-Hph-~o 250x 

Figure 37. I.D. Surface of Specimn Removed from the O u t l e t  Region 
of t h e  Superheater (Section No. 26A, Thermocouple No. 24). 
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.030 in. 

lOOX Etchant: None 

Figure 38. Appearance of Deposit Found on t he  I.D. Surface of the  
Specimen Removed from the Superheater Inlet (Section 20, 
Thermocouple NO. SH 1). 

Flow 1.3X 
Macrograph o f  Deposit Found Along the  I.D. Surface of t h e  
Superheater In l e t  ( Section No. 20). 

Figure 39. 
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The middle of the superheater (Section 22 and 23) also contained a 
deposit similar i n  nature, although, t he  concentration of the deposit  was 
not as heavy. 
the s w i r l  w i r e ,  
overal l  appearance of the I.D, surface of the tubes. 
thermocouple No. 21)  shows a general appearance of the deposit. 
middle of the superheater the deposit reached a maximum thickness of 0.010 in. 
i n  thickness. 
region of the superheater. The thickest  deposit  i n ' t h i s  region w a s  found near 
a weld area (Section No. 25, weld). 
weld) the deposit was crescent shape and .Olh inch thick. 

In general, the deposit appeared t o  follow the  contour of 
Figure 40, (macrograph of sections 22 and 23) shows the 

Figure 41 (Section 22, 
In  the 

Scattered areas of deposit were a l so  found i n  the ou t l e t  

As shown in Figure 42 (Section No. 25, 

Within the superheater region, two sect ions of tubing were replaced 
during the operation of the loop. The first section w a s  replaced after 
3833 hours in  order t h a t  the location of t he  vacuum hydrogen s e p r a t o r  could 
be changed. 
t o  mercury f o r  e i the r  262 o r  3833 hours, no unusual e f f ec t s  w e r e  found. 
Both the weld beads and the heat affected areas appeared sound. 

Although new tubing was fused t o  tubing which had been exposed 

c. Condenser 

The results of the examination of the specimens removed from the con- 
denser region are shown in Table 13. 
limited t o  a l i g h t  p i t t i ng  t o  a mximum depth of 0.0005 in. 
(Section No. 29, thermocouple No. 35) shows the  general appearance of the 
type of attack found. A weld area in the condenser was also examined f o r  
any possible attack. 
condenser tubing w a s  reduced in size from 5/81? O.D. t o  1/21? O.D. tubing. 
As was the  case with the rest of the welds examined, the  weld appeared sound. 

As shown, the at tack found was 
Figure b3 

The area examined w a s  i n  Section No. 27 where the 

d. Subcooler 

Examination of the sections removed from the  subcooler region revealed 

Figure 44 (Section No. 32, thermocouple No. 39)  shows the general 
negligible attack,as shown in Table 13. 
found. 
appearance of the deposit, 

One -11 area of deposit was 
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0010 in. 

. ... . 

. -  - .  
-. 

. .  . 

Etchant: None 25ox 

Figure 41. Appearance of Deposit Found Along the I.D. Surface of the 
Specimen Removed f r o m  the Middle Region of the Superheater 
(Section No. 22, Thermocouple No. 22) .  

Etchant: None lOOX 

42. Appearance of Deposit Found on the I.D. Surface Near 
the Weld Area of the S p e c h n  Removed from the Outlet 
Region of the Superheater (Section No. 25, Weld). 
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f .  . -  
1. . .  

Figure h3. Appearance af the I.D. Surface of the Specimen Removed 
From t h e  Condenser (Section No. 29, Thermocouple No. 35). 

Etchant: Nom 250x 

Figure &. Appearance of the I.D. Surface of the Specimen Removed 
from the Subcooler (Section No. 32, Themacouple No. 3 9 ) .  
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2 .  

Visual examination of t he  sections of tubing from the  bo i l e r  revealed 
a deposit  and corrosion layer adhering t o  the inside tube w a l l ,  This layer 
was found throughout except f o r  the  unheated bend connecting the i n l e t  and 
middle regions of the  boi le r ,  and the section of tubing in the  bo i l e r  inlet 
region that  w a s  replaced a f t e r  3876 hours. 
very th in  and tenacious t o  ra ther  heavy and loosely adherent. 
a grayish-black non-mtal l ic  appearance. 
layers  were found were also wetted. 

Analysis of Deposits and Corrosion l aye r s  

Physically, the layer  varied from 
The layer  had 

The areas of the boi le r  where the 

A heavy deposit was found along the bottom of the entrance sect ion of 
the superheater. Also, 
it w a s  quite hard and adherent as if metallurgically bonded. .The appearance 
of t h i s  deposit is shown i n  Figure 39, 

The deposit was crys ta l l ine  and metall ic i n  nature. 

Throughout the rest of the  superheater various areas were found t h a t  
had a gray-black surface, whereas others were s i l ve ry  in nature. 
places, a metallic-like build-up along the tube wall  was found which followed 
the contour of the swirl w i r e  where the s w i r l  w i r e  came in to  contact with 
the tube wall, The general appearance of the inside tube walls described are 
shown i n  Figure 40, 

In several  

The f i r s t  2 9  inches of the condenser appeared t o  be wetted by mercury. 
Also, i n  the first half of t h i s  region, a loose scale was found along the  
tube wall,,  
wetted, nor w a s  there  any deposit ,  

The balance of the  condenser (approximately 30 inches) was not 

The walls in the section removed from the  subcooler were s l igh t ly  
nnly a s l i gh t  amount of wetted surface was found. discolored. 

of scales  o r  other deposits were found. 
No evidence 

A l l  the sections were scraped and every attempt was made t o  remove as 
much of the deposits as was physically possible. 
analysis  have been separated according t o  the loop region, and are l i s t e d  in 
Tables Y.4 through 16. 

The results of the chemical 

Table ~ gives the  r e su l t s  on the  analysis  of the corrosion layer  re- 
As shown, a t o t a l  of 11.4 grams of material were re- 
Of t h i s ,  approximately 48 w/o w a s  removed from the 

moved from the boi le r ,  
moved from the  boi le r ,  
i n l e t  region. 
from the middle and e x i t  regions of the boi ler ,  respectively. 
material revealed tha t  the major component,s were cobalt and tungsten, 
amounts of nickel, chromium and i ron were a l so  detected, 
as the  mercury analysis,  a res idual  ash was obtained, 
t o  the  mercury, the ash i n  t h i s  instance was present in more s ignif icant  
amounts ( lh-19  w/o), 
major constituents of the ash t o  be tantalum and tungsten, 

Approximately 22 w/o and 30 w/o of t he  material were removed 
Analysis of the  

Small 
In  the same manner 

However, as compared 

Spectrographic analysis  of the ash again revealed the 
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lwm 111 
C m C A ? ,  ANALYSIS OF THE DEPOSIT AND CORFDSION UYER REMO'W] FROM THE: BOITER 

Total  v/o of 
Metallic Deposit 

Boiler Weight Found in 
Each Region Ash* - Reg ion (m) - - - - -  Co C r  N i  Fe W 

I n l e t  5,4420 45.5 3.0 0.8 1.7 34,7 l4.4 47.7 
Middle 2.4960 43.8 5.5 0.3 1.7 31.0 17.7 21.9 
O u t l e t  3.4750 46.6 6.0 0.9 2.3 25.1 19.0 30.4 

Boiler  T o t a l  11.4130 45.4 4.5 0.7 1.9 31.0 16.5 

* Residual ash formed af ter  igni t ion of perchloric acid precipitate.  
The ash consisted of Ta and W with minor amounts of Go, Cr, Fey Si, N i ,  and Mg. 

TABU3 15 

CHEMICU ANALYSIS OF DEPOSITS REMOVED FROM THE SUPERHEATER 

Total W/O of 
Super- Metallic Deposit 
heater We ig ht  Found in 
Region o--- co cr Ni Fe W Each Region - -  
I n l e P  3.6540 58.9 19.8 18.5 2.8 T 72.3 
Inlet ,8560 45.1 29.1 22.6 2.7 0.5 17.0 
Middle ,3630 56.0 22.9 13.7 4.0 3.4 7.2 
O u t l e t  .17b lr2.0 15.1 11.5 2.4 29.0 3.5 

Superheater 
Total  5,&70 56.0 21.5 18.5 2.8 1.2 

("This section of tubing was removed from the  superheater after 3833 hours 
of operation so tha t  the  tantalum crud separator could be instal led,  
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A to t a l  of approximately 5,05 grams of metall ic corrosion products were 
removed f r o m  the superheater regions. The amounts and composition of the 
products removed are shown in Table 15. As shown, the grea tes t  amount of 
t h i s  (89 percent) came from the  inlet region t o  the superheater. 
seven percent and four percent of the deposit  ~ ~ 1 3 3  removed from the  middle 
and e x i t  regions of the superheater, respectively. Analysis of the  deposi ts  
revealed t h a t  the  -major component was cobalt  which was present in  quant i t ies  
varying from 42 t o  59 p r c e n t  i n  the various regions. Chromium and nickel  
were present i n  s ignif icant  amounts and f o r  t h e  most pa r t  present i n  equal 
quant i t ies ,  Small quant i t ies  of 
i ron and tungsten were a l s o  found. 
of deposit removed from the  ou t l e t  region, their presence was less than five 
percent. 
the e x i t  region was 29 percent. 

Approximately 

The average amount of each w a s  20 percent. 
I n  general, except f o r  the small amount 

The tungsten content of the small amount of deposit removed from 

Only 0.04 gram of so l id  matter was removed from the  condenser-subcooler 
region of the loop. As shown i n  Table 16, t h i s  deposit  was composed of 
primarily tungsten and cobalt. 
chromium and nickel were found. 

Minor amounts ( l e s s  than f i v e  percent) of 
Ikon w a s  present only i n  a t race  quantity. 

TABLE 16 

CHEMICAL ANA7,YSIS OF DEPOSITS REMOVED FROM THE CONDENSER AND SUBCOOIER 

Total 
Metallic compo s i t i on ,  W/O 
Weight, gm W - Fe - N i  - C r  - co - 

C, Tantalum Crud Separator 

T h e  separator was cut open f o r  examhation. From visual  examination, 
No grea t  the tantalum appeared t o  be only s l i g h t l y  wetted by the  mrcury. 

amounts of corrosion products were found entrained by the  wool. 
ple te  charge of wool from the  separator was submitted t o  chemistry f o r  
analyses. 
corrosion products entrained and the compositiono 

The com- 

Included i n  t h e  analysis  were the  t o t a l  weight of m t a l l i c  

The resu l t s  of the analysis are shown in Table 17. 

TABU 17 

RESULTS OF CHEMICAL ANALYSIS OF THE TANTALUM WOOI, FROM THE CRUD SEPARATOR 

Total  Weight of 
Material Removed, gm Co Crr N i  Fe W Ash* 

1.3290 l4.1 23.5 1se6 24.5 1707 4.6 

Compos it ion , percent 
- ----- 

3t Residual ash formed after igni t ion of perchloric acid precipi ta te ,  The ash 
consisted of primarily tantalum and tungsten with minor or t r ace  amounts of 
cobalt, chromium, iron, s i l i con ,  nickel,  and magnesium. 
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As shorn, a t o t a l  of approximately 1.3 grams of corrosion products were 
removed by the  tantalum mol. Analysis of the wool shomd no s ingle  element 
t o  be present i n  a predominant amount. Both chromium end i ron were f o d  in 
the greatest  amount (23.5 and 24.5 percents, respectively). 
and tungsten were found in approximately equal amounts, 
ence was in t h e  range between l4 and 18 percent. 
found after t he  f i n a l  separation f o r  the tungsten content. 
analysis of t he  ash r e w a l e d  r e s u l t s  similar t o  the ash found during the 
analysis of the boi le r  deposits, t h a t  is, the ash was predominantly tungsten 
and tantalum, 

Cobalt, n ickel  
Howewr, t h e i r  pres- 

Again a residual ash was 
Spectrographic 

D. Electron Beam Microprobe Analysis 

As a fur ther  study of t he  amount of corrosion incurred by the  loop, 
e lectron b e a m  microprobe analyses w e r e  conducted on four of the  mtallographic 
specimens, The ana ly t ica l  work w a s  conducted by Advanced Metal Research COT. 
Two of the specimens (Section No. 16, thermocouple No, 11; and Section No. 17, 
thermocouple No. 13) were from the  boiler outlet  reg im.  
(Section 2OA, thermocouple No. 18 and Section No, 22, thermocouple No. 21) 
w8re from t he  inlet and middle regions of t h e  superheater, respectively. Two 
separate areas on the specimen Section No. 2OA, thermocouple No. 18 w e r e  
analyzed. Figure 45 shows the  approximate locatica and scan paths made on 

The o t b r  two 

the specinrsns. 

Scan analyses were conducted on a l l  f i v e  areas of interest. The elemasnts 
analyzed f o r  were: cobalt, chromium, nickel,  iron, and tungsten. Also, each 
area was surveyed f o r  t h e  presence of mercury. 
areas analyzed ard the traverse path of the electron beam are shorn in 
Figures 46 through 49. 
and are shown i n  Table 18. 
were fomd in the electron beam t raverses  made across t he  base metal. 
once the beam crossed the interface between the base metal and t he  various 
deposits, s ignif icant  changes in composition were found. 

Photomicrographs of the 

The r e su l t s  of the analyses have been averaged out 
In  a l l  f o u r  specimws, no composition gradients 

Houeoer, 

The analyses conducted on the two specinens from t h e  boi le r  ou t l e t  
region support the r e s u l t s  obtained on w e t  chemical analysis  of the deposits 
removed from the inside tube w a l l .  
areas  were found in  the deposit along the surface of specimen Section No. 17, 
thermocouple No. 13, 
t o  the  corrosion layer found along the surface of the specimen Sect5.cn No. 16, 
thermocouple No. 11 (Figure 46). As shown i n  Table 18, t h i s  phase is high in  
cobalt and tungsten with only small amounts of chromium and nickel. 
uhi te  areas (marked Cr in Figure 471 within the deposit were found to be 
essen t i a l ly  the base mtal depleted of chromium, 
deposit (marked B in Figure 47) was found t o  be e s sen t i a l ly  base material 
depleted in tungsten and nickel. 

However, three d i f fe ren t  compositional 

The grayish appearing phase is similar i n  composition 

The 

whereas the edge of the 
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- Section 16, Thermocouple 11 
- Section 17, Thermocouple 16 

- Section 22, Thermocouple 2 1  
- Section 20A, Thermocouple 18  

Figure 4s. Macrograph of Mount Showing t h e  Location of the Microprobe Scan 
Analyses. 
of t h e  analyses were conducted within the area bounded by the  
two  scratch marks. The l i n e  on the bottom specimen indica tes  
t he  or ientat ion of the scan t race.  

Except f o r  t he  one area marked by the arrow, the  rest 
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Etchantt None 25;a 
Figure 46. I.D. surface of Specimen Removed from Section lo, 16, 

Themcouple No. 11, Showing the Mcroprobe Scan Path ami 
Areas Analyzed, 

0 

Btchantt Nom !%a 

Figure 17. I.D. Surface of Specinren Removed from Section No. 17, 
Thermocouple No. YJ, Showing the IYicroprobe Scan Path 
and Areas Analyzed, 
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Etchant: None. 12 ox 

Figure b8. I.D. Surface of Specimsn Removed from Section No. 20A, 
Thermocouple No. 18, Showing the Micropllobe Scan Path. 

l200[ Etchant: None 

I.D. Surface of the Specimen Removed from Section 
Thermocouple No. 18, Showing the Areas Analyzed. 
area is the area marked by the arrow in Figure bs 

,No. 2OA, 
Thia 

0 



TAWB 18 

REmTS OF MICROPROBE ANfiYSIS aF WRKHORSE IiDoP SkXPIJ3S 

sample 

Haynes Alloy No. 25 Matrix* 

Section 16, Thermocouple No. 11"" 
B Reaction Zone 

Section 17 ,  Thermocouple No. 13 
B Gray Phase 

C Whfte Phase 

Bdge Taser 

Section 20, Thermocouple No. 18 
Average Reaction Zone 
B Interlayer 
C Zone 

Section 22, Thermocouple l o .  21 
B Interlayer 

C Zone 

9 
Also 1 Si, 1-2 lh, 0.1 C 

3He Possible 5-10 w/o si 

bmposition w/o 
co cr W N i  F e  - 

19-51 

4749 

54-56 
58=60 
67 -69 

0.1 
0.6 
Om2 

.6 
01 

~~ - 
19-21 

6- 8 

5- 7 
12-l.4 
22-24 

21-23 
98-99 
25-27 

92 -9h 
21-23 

- 
I.4-16 

35-37 

30-32 
16-18 
2- 4 

40.05 

40.05 

40.05 

4 OeoS 

4 0.05 

- 
9-11 

1- 2 

Wl 
10-12 
1- 2 

76-7 8 
0.6 
73-75 

4- 6 
75-77 

- 
1.7 

1.5 

1e5 
2 
3 

c 0.05 
4 0.05 
4 0.0s 

4 0.05 
0.05 
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From these r e su l t s  it appears that the  surface of the  specimen 
Section No. 17, thermocouple No, 13 suffered a leach- type of attack.And, 
a deposit of corrosion products f i l l e d  the  void areas  l e f t  by the  leaching 
of base material. 

Two areas of d i f fe ren t  composition were found within the deposit on 
the specimen Section No, 20A, thermocouple No. 18. 
the bulk of the  deposit (Figure 48 and marked C h Figure 49) was predominantly 
nickel  with about 2 5  t o  27  p r c e n t  chromium, 
iron and cobalt were found, 
w a s  found that was almost pure chromium (98-99 percent). Cobalt, tungsten, 
i ron and nickel were found only i n  small or t r ace  amounts, The r e su l t s  of 
the analysis of the  specimen Section No. 22, thermocouple No, 2 1  were 
approximately the  same, However, the  chromium-rich phase was present i n  a 
greater  quantity within the deposit. Also,  there  was not the same amount 
of dis t inct ion between the phases as was found i n  the specimen Section No. 20A, 
thermocouple No. 18. 

As shown i n  Table 18, 

Only minor amounts of tungsten, 
However, another phase, (marked B in Figure 29) 

E. O r i f i c e  and Erosion Specimn Holder 

The o r i f i ce  and erosion specimen holder was  cut open f o r  examination 
of the  or i f ice  p la te  and the three erosion specimns. 
of t he  assembly a f t e r  tes t  is i l l u s t r a t ed  in Figure 50. 
o r i f i c e  plate ,  Visual inspection of the pa r t s  did not reveal any s igni f icant  
changes except f o r  the  pickup of a s l igh t  oxide scale. However, t h e  o r i f i ce  
plate  was somewhat distorted.  
p la te  became dish-shapd. 
be 0,071 inch. 

The general appearance 
Except f o r  the 

As shown i n  Figure 51, the 0.032 inch thick 
The depth of the dish was  masured and found t o  

The diamter of the o r i f i ce  hole was  masured by use of a visual  
comparator. 
i n  shape. 
Except f o r  the dis tor t ion,  examination of the hole under a 20-power microscope 
revealed no evidence of erosion of the hole. 

After t e s t  the  hole w a s  found t o  have become s l igh t ly  e l i p t i c a l  
The major diameter was 0,058 inch. The minor diameter was 0.046 in. 

Weight and hardness masuremnts  were made on the erosion specimens, 
The resu l t s  are  compared with the measurenrents made before test in Table 19. 

As shown, the weight changes experienced by the erosion specimens during 
the operation of the loop were extremely small, 
did occur were all weight gains. 
s ta in less  s t ee l ,  heat-treated t o  the condition RH 950, which gained a t o t a l  
of 2.3 nge 
weight of t h e  specimn, A l s o ,  as shown, the weight gains per uni t  area f o r  
the specimens were between 0.1 t o  0.3 mg/crn2 i n  5000 hours. 

What weight changes t h a t  
The grea tes t  change was f o r  the PH15-7Mo 

T h i s  was a 0.06 percent weight gain compared t o  the or ig ina l  
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0 1 2 3 Inches 
l l l i l l l l l l ~ l  I 

Figure 50. Appearance of Orifice and Specimen Holder Assembly 
After Test. A c t u a l  size. 

I Flow - 

Figure 51. Macrograph of the  Orifice P l a t e  Showing the Amount 
of Distortion Incurred. Mag. 2.61 
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TABLE 19 

COMPARISN OF HARDNESS mD WEIGHT OF THE THREE SPECIMENS 

Weight Chanae - 
Weight Per-Unit 
Change Surface-Area 

Heat 
Treat 

Condition Test Test Test Test (gmj (mg/cn?) ---- Specimen 

TH 1050 45.0 25 3.6813 3.6822 +.0009 0.12 Pfl5-7Mo 

pfl5-7Mo RH 950 44.7 32.5 3.6579 3.6602 +.om3 0.30 

Haynes Alloy NO. 2 1  31.0 60 4.2047 4.2057 +.0010 0.13 

9 Rockwell C hardness numbers were converted from Kentron microhardness numbers determined 
with a 100-gram load. 
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Changes i n  the hardness of the erosion s p e c h n s ,  however, were more 
apparent. The PHl5-i%~ s t a in l e s s  s t e e l  i n  both heat treatments (TH 1050 and 
RH 950) shoved s ignif icant  losses in hardness. As shown, t he  erosion 
specimen heat t rea ted  t o  TH l & O  changed fromRockwel1 C of 45 t o  Rockwell C 
of 25. 
44.7 R c  t o  32.5 Rc. 
by use of a Rockwell super f ic ia l  hardness tester. 

In contrast  t o  the  l o s s  in hardness by the PHl5-7Ho s t a in l e s s  steel, 
the Haynes a l loy  No. 21 erosion specimen increased in hardness. As shonn 
in  Table 19, the hardness increased f r o m  Rockvell C of 31 up to Rockwell C 
of 60. The before and after-test hardness determinations uere made in the  
same manner as f o r  the PHlf;-?MO s ta in less  s t e e l  erosion specimens. 

Figure 52 shows before and after test photomicrographs of the Pm-i”O 
erosion specimen heat t rea ted  t o  the RH 950 condition. 
photomicrographs, the edge of the s p e c a n  was r e l a t ive ly  unaffected by t h e  
exposure t o  high velocity mercury vapor. 
s t r u c t u r e  of the specimen i n  the  after t e s t  condition changed from an 
acicular  martensitic s t ructure  t o  t h a t  of a tempered martensite. Also as 
shown, carbon diffused in to  the ferrite stringers. 

In comparison the RH 950 heat t reated erosion specimen changed from 
The before test  hardness determinations vere obtained 

As shown by the  

However, a s  can be seen,the micro- 

Photomicrographs i n  the before and after test condition of the 
FjHl5-7wO erosion specimen heat t reated t o  the  TH 1050 condition are shorn 
in F i g u r e  53. 
affected by the exposure conditions. Also, t h e  microstructure of the 
specimen i n  the after t e s t  condition changed as compared t o  the s t ructure  
i n  the before test condition. The changes which occurred are essent ia l ly  
the  SBE as those discussed f o r  the PEl5-7Mo erosion s p c h n  heat t rea ted  
t o  the RH 950 condition. 

A s  shown, the surface of the specimen was r e l a t ive ly  un- 

As shown i n  Figure 5&, the surface of the  Haps alloy No. 2 1  erosion 
speciraen was only s l i g h t l y  affected by the t e s t  exposure. 
depletion attack occurred t o  a raaximum depth o f  1/2 m i l .  

A very l i g h t  

F. Centrifugal Pump 

The f i n a l  loop component t o  be examined uas the  centrifugal pump, which 
was fabricated from Type 316 stainless steel. The pump head was dismantled 
and examined visually f o r  any possible damage. The pump components examined 
are shown in Figure 55. Evidence of cavitation damage uas found only on the 
volute tongue. Figure 56 shows macrographs of the tongue a d  the extent  
of damage incurred. 
(Figure 56) at the damaged area. 
polished f c?r metallographic examination. 

!%&ions =re removed from the top part of the tongue 
These sections were then mounted and 
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A. Before Test. 25m 

B.  After Test. 2 5 a  

Figure 52. Condition of the Edge of the PHl5-7MO Erosion Specimen 
Heat Treated to the Condition RH 950. 
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A. Before Test. 

F Q m  53. Cordition of the Edge of the PHl$??¶o Erosion Specimen 
Heat Treated t o  the  Condition TH 160. 
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A. Before Test, 250x 

I 

r, 

' .  v V 

* 

B. After T e s t .  25ox 

Figure 54. Appearance of the Edge of the Haynes Alloy No. 2 1  Erosion Spcimn. 
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0 1 2 3 Inches 
l . l . l ~ i , l ~ ! , l  

Figure 55. Cordition of Centrifugal Pump Components Mter Tes t .  
Size of components reduced to  three-quarters original s ixe.  
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Area where metallo- 
graphic specimen 
was removed. 

I 94 

Top Half of Centrifugal Pump Body. Magnification 3X 

Bottom Half of Oentrifugal Pump Body. Magnification 3X 

Figure 56. Macrograph of Centrifugal Pump Body Showing the Extent of 
Damage Incurred. 



Figure 57 (SOX) i s  a photomicrograph of  the damaged area. As shown, 
material was l i t e ra l ly  to rn  away t o  form the cavity. 
the damage was ,085 inch. 

The maximum depth of 

The only other component t o  be affected was the Type 316 s t a i n l e s s  steel 
As shown in Figure 58 the side of t h e  impeller was abraded, From impeller. 

the  appearance of the markings, the impeller apparently rubbed against  the 
side of the housing during operation. The impeller blades appeared t o  be 
completely undamaged as shown in Figure 58. 

G. U o p  Fai lures  

As was  discussed i n  earlier sections,  two tube  w a l l  failures were 
experienced during loop operation. 
heater after 262 hours of operation and was in the form of a small crack in  
the  tube wall .  
in the lower end of the bo i l e r  inlet. In this case, t h e  tube w a l l  appeared 
t o  have ruptured, 

The first f a i lu re  occurred in the  s u p r -  

The second failure occurred a f te r  3665 hours of operation 

1. Fai lure  After 262 Hours 
~ 

Metallographic s p e c h n s  w e r e  removed from the section of tubing con- 
The location of t h e  two specimens removed a t  the  crack 

Also,  two specimens each were removed from e i the r  
The specimens were exarained 
Along with t h i s ,  however, t h e  

ta ining the  crack. 
are shown i n  Figure 11, 
side,  about 3-l/2 inches away from the crack. 
primarily t o  determine the  cause of failure. 
specimens were a l so  examined t o  determine the  extent of any possible 
corrosive attack, 

Figure 59 shows the  general appearance of the crack in the  tube wall, 
As can be seen, the crack i s  intergranular in nature. 
smaller cracks were found extending into the  grain boundaries f r o m  the 
f a i l e d  surface. 

Also, along the  crack, 

The mde of failure appears to be a br i t t le  type of fracture. 

Because of the configuration of t h e  superheater, it was impossible t o  
anneal the tubing after fabrication. Also, the temperature of t h i s  region 
before  the  f a i l u r e  w a s  a b u t  &OOOF. Considering the temperature and cold- 
worked condition of the tubing, there is  the poss ib i l i ty  that the tubing 
this region was embrittled, Previous investigations on Haynes a l l o y  No. 25 
have shown t h a t  the a l loy  has a tendency t o  embrit t le rap id ly  if exposed t o  
elevated temperatures in  the cold-worked condition (1). 

I Examination of the I,D, surface near the crack revealed a crevice type 

~ 

of corrosive attack, as shown in Figure 60. The maximum depth of t h e  at tack 
w a s  0.001 in. A s i m i l a r  type of a t tack  was found on the I.D. surface of the  
specimens removed on e i t h e r  side of the crack. The depth of penetration 
was also about the  Same. 
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Etchant: H F - H N 0 3 - ~ ~ - ~ 0  

Figure 57. Appearance of the Damage Incurred Around the Volute Tongue. 
Specimn removed from the top half of the pump body uhich 
was fabricated from Type 316 Stainless Steel. 
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Magnification laX 

Magnification 3X 

Figure 58. Macrographs of the Centrifugal Pump Iropeller Showing the 
After Test Condition. 
Stainless steel. 

Impller was fabricated of Type 316 
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Et chant : HF-HNo3-H;! soh-% 0 lOQX 

Figure 59. Appearance of the Crack Found in the Tube Wall of the 
Superheater After 262 Hours of Operation. 

Figure 60. Appearance of the I.D. 
Removed Near the Crack 
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Surface of the Specimn 
which Occurred After 262 Hours. 



2. Fai lure  After 3876 Hours 

Again, metallographic specimens were removed at t h e  point of failure 
as well as on e i t h e r  side of the failure. The locat ion of the spechens 
removed is shown i n  Figure 11. 
nature as shown i n  Figure 61. However, i n  this case, the tube w a l l  near 
the crack was  necked down, Also, numerous cracks were found along both the  
I.D. and O.D. surfaces as well as within the  tube w a l l .  The crack densi ty  
was greatest  within the necked dawn area. The aparance of ths tube wall 
in t h i s  case points t o  a creep rupture type of failure, The appearance 
and mode of failure indicate t h a t  the tube w a l l  was l oca l ly  overheated and 
that the  rupture may have been the  r e s u l t  of a pressure overload at the  
l o c a l  thermal condition. 

The crack was  again intergranular i n  

In addition t o  the cause of failure, the specimens were a lso  examired 
f o r  t he  extent of corrosim attack found. In  general, t h e  I.D. surface on 
each specimen w a s  found t o  haw undergone a colabination of layer, crevice, 
and depletion a t tack  t o  a mxhm depth of 0.003 inch. Figure 62 is typical 
of the corrosive attack found. Examination of the surface of the  speciaren 
removed from the inlet end of the section revealed a deposit about 0.015 in. 
thick. Figure 63 shows the  appearance of t he  deposit. Unfortunately, 
there w a s  not enough deposit present i n  t h e  section of tubing t o  obtain an 
analyses. 
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Figure  61. Appearance of t h e  Tube Wall of t h e  Bo i l e r  Showing t h e  
F a i l u r e  which Occurred After 3876 Hours. 

E t  c h m t  : HE'-HN03-% S S l - 3  O 250x 

Figure 62. Appearance of the I.D. Surface Near the F a i l u r e  
which Occurred i n  t h e  Boiler After 3876 Hours. 
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Etchat: None 

Figure 63. Appearance of the Deposit Which uas Found in the 
Inlet Region of the Section of Tubing that was 
Replaced After 3876 Hours. 
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A. Hydrogen Removal 

DISCUSSION 

1. Hydrogen Diffusion Windows 

As was s ta ted previously, the attempts t o  remove hydrogen f r o m  t h e  vapor 
regions of t he  loop met with very limited success. 
moval ra te  come close t o  matching the in jec t ion  r a t e ,  
moval ra te  of 5.4 cc/hr. was obtained. 
test  was  450 cc/hr. 
with hydrogen during the  test., 

In  no case did the re- 
During one tes t  a re- 

However, t he  inject ion rate f o r  t h i s  
Also,  t h e  loop, as discussed, w a s  apparently overloaded 

Several f ac to r s  could have a t t r ibu ted  t o  t h e  apparent lack of successo 
The test parameters in an experiment i n  diffusion such as t h i s  mus t  be 
carefully controlled. 
which the hydrogen is t o  d i f fuse  should be kept clean of any films which 
might hinder t he  diffusion process. An oxidized surface, even one atom layer  

on e i the r  side of t h e  diffusion medium should be accurately known so  t h a t  the 
eff ic iency of t he  diffusion process can be determined. 

F i r s t  of a l l ,  the surfaces of the  mdium through 

thickness,is such a ba r r i e r  t o  diffusion. Secondly, the  pressure conditions 

During fabricat ion of the Haynes a l loy  No. 25 and Croloy 9M t es t  sections,  
there  was no method available t o  protect the  surfaces of the tubes from 
oxidation. 
surfaceso 
superheater and condenser region w a s  protected with an argon cover gas when 
it w a s  not i n  use. 
vacuum of 1 t o  lOA . However, when the  tes t  sections were removed, exami- 
nation revealed that s l igh t  oxidation o f  t h e  outer surface of each tube had 
occurred. 

Once instal led,  it was v i r tua l ly  impossible t o  clean the  tube 
During the  operation of the loop, the test  sect ion i n  both the  

During a tes t  run, t h e  section i n  use was kept under a 

Both of t he  columbium tubes were vacuum annealed before they were in- 
s t a l l ed  in  the condenser tes t  section. Also, cotton gloves were used while 
handling t h e  tubes after the anneal. 
there  was no method of insuring an oxide free surface. As with the H a p s  
a l loy  No. 25 and Croloy 9M sections,  examination of the columbium test sect ions 
a f t e r  tes t ing revealed an oxidized outer surfacee 

As before, once the tube was ins ta l led ,  

After termination of t h e  loop, examination of several  of the components 
revealed t h a t  the  inner surfaces of the  loop had been exposed t o  an oxidizing 
atmosphere at one time o r  another, 
the various t es t  sect ions were oxidized a t  one time o r  another,, This would 
undoubtedly a f fec t  the tes t  resul ts .  

Thus it appears t h a t  both surfaces of 
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Another f a c t o r  which migM have influenced the diffusion of hydrogen 
is the  presence of a mercury heat t ransfer  surface on t h e  inside surfaces 
of the  tes t  sections. 
layer of mercury vapor which i s  qu i t e  t h i n  and not t oo  dense. However, its 
presence might have acted as a resis tance towards the hydrogen machlng the 
tube surface. 

This heat t ransfer  surface is a relatively stagnant 

Other f ac to r s  which inflmnced t h e  experiment w e r e  that nei ther  t h e  
p a r t i a l  pressure of the  hydrogen nor the location of the hydrogen in the 
loop could be determined. Since the a b i l i t y  of hydrogen t o  d i f fuse  through 
a metallic medium depends on the pressure d i f f e rep t i a l  across the thickness 
of the  medium, t h e  partial pressure of hydrogen inside the  loop was quite  
c r i t i ca l .  
force f o r  diffusion could be small. 

If the hydrogen pressure inside the loop w a s  low, then the driving 

A rough analysis of one test where the loop w a s  flooded with hydrogen 
was  made. 
p a r t i a l  pressure of hydrogen was calculated using the col lect ion rate of 
5.4 cc/hr. 
in the loop was less than one atmosphere. As shoun in Table 3, the volume 
of hydrogen injected i n t o  the  loop i n  the subsequent tes ts  w a s  less than 
i n  t h i s  test .  
of t he  tests was probabYy less than one atmsphere. 

that the  hydrogen was collecting in discrete areas of the loop. A t  times 
it appeared t o  be collecting in the condenser. T h e r e  appeared t o  be no 
correlat ion between the  point of injection, subcooler or superheater, and 
the area where the hydrogen collected. The  r a t e  and volume of hydrogen 
injected appeared t o  influence the change i n  loop conditions as the r e s u l t  
of the buildup of hydrogen. 
be determined. 

Assuming that both surfaces of t he  tube  were unoxidized, the 

This analysis  indicated t h a t  t he  partial pressure of hydrogen 

Thus the  p a r t i a l  pressure of hydrogen in t h e  loop during each 

Also during the  tests, examination of the loop conditions indicated 

However, again no d i s t inc t  correlat ion could 

t 
2. Centrifugal Hydrogen Separator 

As w i t h  t he  hydrogen diffusion windows, the centr i fugal  separator a l so  
met  with very limited success. 
the lack of adequate data on the pe rmab i l i t y  of columbium t o  hydrogen. 
During t h e  design of t he  separator, t h e  pe rmab i l i t y  value was determined by 
extrapolation of high temperature data. Zster, experimental r e s u l t s  a t  600°F 
indicated that the  va ue used during the design was too high by a f ac to r  of 

columbium tube and subsequently the i ron tube def in i te ly  played an important 
ro l e  . 

However, much of t h i s  can be a t t r ibu ted  t o  

approximately 4 X 10 2 . Although, again i n  these tests, oxidation of the 
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Because of the manner i n  which the  centrifugal pump shaft was sealed, 
it was v i r tua l ly  impossible t o  pu l l  a vacuum lower than S o p  on the  oentrFfuga1 
pump bypass. 
and 4 0 p  /hr. 
t ec ted  from oxidation. 

Also, the lowest vacuun leak rate a t ta inable  was between 10 
Thus the inside surfaces of t he  bypass l i n e  could not be pro- 

In  t h e  s a m  manner, nei ther  the  columbium tube nor the i ron tube could 
be protected from oxidation before in s t a l l a t ion  i n  t h e  separator. 
the  tubes w e r e  remved from the  separator and examined. 
of t h e  tube was found t o  be s l i g h t l y  oxidized. 
it was sanded and polished. 

Periodically, 
Each time the surface 

However, t h i s  apparently did not have any af fec t ,  
Before the tube was re ins ta l led  

Because of the d i f f i c u l t i e s  experienced with the various columbium 
windows, the  question arose as t o  whether adsorbed oxygen on the tube w a l l  
could s ignif icant ly  affect  the  hydrogen permeability a t  temperatures of 
6000~ and lower. 
e f f o r t  t o  evaluate the r e l a t ive  influence of small quant i t ies  of oxygen on 
the permeability of hydrogen through columbium. 

apparatus and method of analysis  were ident ica l  t o  those previously described (10). 
The experimental r e s u l t s  are summarized in Figure 64 where the  permeability 
of pure and oxygen contaminated hydrogen through columbium i s  presented, 
As the  temperature increases (approaching 1200'F) the  permeability of uncon- 
taminated hydrogen approaches the high value predicted by d i f fus iv i ty  and 
so lubi l i ty  data. 
produced a s l i g h t  decrease in the hydrogen permeability. 
e f f ec t  produced by the rather large degree of oxygen contamination, particu- 
l a r ly  a t  the lower test temperature, suggests %hat the small amount of 
oxygen adsorbed on the tube w a l l  does not repreeent a s ignif icant  f ac to r  
controlling the  low permeability a t  low temperature. 
dicated that improved cleaning or bake-out mthods t o  remove adsorbed axyen 
would not improve t h e  permeability of colwa>iun a t  temperatures of 6 0 0 ~  
and lower t o  any s ignif icant  degree. 

I n  l i g h t  of t h i s ,  laboratory tests were conducted in an 

A tube t e s t  specimen was employed i n  t h i s  s tudy.  The experimental 

The presence of 0.5 percent (volume) oxygen i n  the hydrogen 
T h e  r e l a t ive ly  small 

Also, t he  results in- 

From these results, it def in i te ly  appears that the lack of S U C C B ~ S  with 
the columbium windows was the  result of inadequate data on hydrogen pe rmab i l i t y  
of columbium, 

Bo Centrifugal Pump Testing 

pump fo r  t he  most par t  were inconclusive. 
t o  t he  quantity of hydrogen required t o  cause l o s s  of prime as a function of 
pump speed and pump inlet and out le t  pressure. 
found that  as the  pump i n l e t  pressure was increased from 5.5 psia  t o  11.5' p i a ,  
the overall  amount of hydrogen that could be accepted increased. 

The results obtained from the inject ion of s ingle  bubbles in to  the  centr i fugal  
No t r u e  correlat ions could be found as 

However, i n  retrospect it was 
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In general, t h i s  trend could be the  result of t h e  change in the ac tua l  
bubble volume as a function of pressure, 
were the volume a t  standard conditions. 
the pump inlet l ines ,  it expanded an amount determined by the i n l e t  pressure. 
As the  in le t  pressure increased towards 11.5 psia ,  t he  bubble s ize  would 
decrease. 
into a ser ies  of smaller bubbles, thus making it easier f o r  the hydrogen t o  
pass through. 

A l l  of the bubble volumes quoted 
However, when the bubble entered 

Also, it i s  suspected t h a t  the  la rger  volwnes injected broke up 

Another poss ib i l i ty  i s  tha t  par t  of the  hydrogen leaked out around the  
shaf t  seals, 
f u l l  e f fec t  of the  bubble, 

If  such leakage did occur, then the pump would not receive the  

As discussed with the s ingle  bubble tests,  no d i s t i n c t  correlat ions 
I n  general, could be determined with the constant rate inject ion tests. 

only the expected was found, 
the time required f o r  l o s s  of prime decreased. Increasing the pump out le t  
pressure tended t o  r e su l t  i n  an increase in time required t o  cause lo s s  of 
prime a t  a specific inject ion rate. Operation of the centr i fugal  hydrogen 
separator or  operating the pump a t  room temperature or  350°F did not appear 
t o  a f fec t  the resu l t s .  

That is, as the  inject ion rate was increased, 

The inconclusiveness of the  da ta  may have been caused by several  
factors .  F i r s t ,  as discussed with the  s ingle  bubble tests, par t  of the  
hydrogen probably leaked through the pump shaf t  seal, Another point is  
tha t  it was d i f f i c u l t  t o  keep the  pump a t  steady state conditions. 
refined controls over and above what were used would be needed t o  keep the 
pump operating smoothly, For example, a t  a given voltage se t t ing  the 
pump would vary as much as 1000 rpm, 
it was d i f f i c u l t  t o  keep the i n l e t  and out le t  pressures steady. 
run, the Variac which controlled the  pump speed, and the valve used t o  give 
the  required pressure drop had t o  be continuously adjusted, Also, it 
appeared t h a t  the hydrogen tended t o  col lect  in the by-pass line; and that 
large quant i t ies  of hydrogen entered the pump, causing loss of prime, The 
r e s u l t  of t h i s  would be tha t ,  ra ther  than re f lec t ing  on the e f f ec t  of a con- 
tinuous stream of hydrogen gas, the  data  would r e f l e c t  on the  e f f ec t  of a 
large pocket of gas passing through the  pump., 

More 

Also, because of the  seal leakage, 
During a 

Throughout a l l  the tes t ing ,  the centr i fugal  pump was operated f o r  

In general, the  overal l  
approximately 1000 hours. 
because the pump was operated intermit tent ly ,  
performance of t he  pump was below t h a t  of other pumps of the same design (6). 
As discussed, throughout the program considerable d i f f i c u l t y  was experienced 
with leakage of mercury t o  the atmosphere from around the pump shaft  l ipsea l ,  
A l s o ,  the impeller blade would intermft tant ly  rub against  the s ide  of the  
impeller housing. 
and l ipseals.  Also the  impeller and pump shaft were realigned. 
the most par t  t h i s  did not improve the  performance of the  pump. 

An exact length of operation cannot be given 

The pump was reworked several  times by ye-placing the  O-rings 
However, f o r  
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Examination of the pump a f t e r  completion of  the t e s t  revealed only one 
T h i s  was around the  entrance t o  the  

The pump impeller was re la t ive ly  undamaged except f o r  t he  
area of damage t o  the pump components. 
volute tongue. 
abrasions around the  side. Examhation of the damaged area around the volute 
tongue indicated that the p i t t i ng  resulted from an erosive action. 
could have resul ted from e i the r  cavitation or impcting of t he  mrcury in the  
general area. 

T h i s  

In general, these r e s u l t s  are somewhat contrary t o  the  usual damage 
found after the  operation of a centrifugal pump (7). Normally, the  impeller, 
especial ly  the blades, suf fe r  the worst damage. 
t he  mrcury  might explain this difference. 
loo0 hours of operation of t h e  pump was accumulated during the hydrogen in- 
ject ion tests. 
compressible f l u i d  within the  impeller cavity. If t h i s  is true, then the  
hydrogen possibly acted a s  a cushion and prohibited any shocks f r o m  being 
transmitted t o  the  impeller blades. 

The presence of hydrogen i n  
The greatest  amount of the 

There is the  poss ib i l i ty  t ha t  the hydrogen behaved as a 

However, once the bubble reached the volute tongue it might have gone 
into solution because of the higher pressure within the  region. If t h i s  
occurred fast enough, a high pressure cavity within the mrcury could resul t .  
This cavi ty  essent ia l ly  would implode thus causing the mercury t o  impact 
against t he  tongue. 

C. Corrosion and Mass Transfer 

In general, the  depth and mode of corrosion incurred in  the  boi ler  
regions compare favorably with results obtained from previous corrosion 
tests. 
function of the temperature. 
the  curve, which is the maximurn expected corrosion rate plotted as a 
function of the temperature (3). 

As shown i n  Figure 65, the  attack incurred has been plotted a s  a 
The r e su l t s  as plotted f a l l  below or near t o  

However, t he  aa ta ,  as  plotted, should be used only f o r  comparative 
As discussed with the  r e su l t s  on mtallographic examination, purposes. 

the temperatures l i s t e d  f o r  t he  various specimens are not t r u l y  representative 
of the t o t a l  operating l i fe .  In view of th i s ,  the results S e e m  t o  ccnfirm 
the previous data on the  corrosion of % p e s  al loy No. 25 as obtained from 
thermal convection loops and capsule tests (2)  (4). 

quite low. 
the degree of attack, it appears that the  vapor being passed through the 
superheater was r e l a t ive ly  dry. 

Overall, the  at tack incurred in  the superheater region of the loop was 
Considering the temperature profile of t he  superha ter  versua 
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In general, very l i t t l e  damage was e x p e r h o e d  by both the  o r i f i ce  
plate  and the  erosion specimens. 
of corrosive attack. 
erosion. Considering the  condition of the surface of both the o r i f i c e  plate  
and t h e  specimens and the  s l i g h t  weight gain experienced by the specimens, 
it appears that both w e r e  exposed t o  an oxidizing atmsphere sometine during 
test. 

Neither of the tm, revealed the  presence 
Also, the  surfaces of both showed no evidence of 

Although the  PHl5-7nO specimens w e r e  not appreciably attacked or 
eroded, thg loas in hardness and change i n  microstructure is  qui te  
s ignif icant ,  These charges resul ted from the overaging of the F e c i p i t a t i o n  
hardened s t ructure ,  This overaging results in the loss of mchanical 
strength with respect t o  the  Sunflower turbine. The r e s u l t s  somuhat pre- 
clude the use of PHS?% as a s t ruc tura l  material for componmts where 
t l g h t  tolerances need t o  be maintained over extended t i m  periods. 
is also ref lected by the deformation experienced by t h e  o r i f i ce  p la te  uhich 
was t es ted  in t h e  RH 950 heat t r e a t  condition. 

T h i s  

In contrast, t he  Haynes a l loy  No. 2 1  erosion specirmen increased in 

Thus it appears that 
hardness. 
similar t o  t h a t  found in Haynes a l loy  No, 25 (1). 
Haynes a l loy  No. 2 1  would be a better candidate material f o r  th turbine 
than FIll5-7- prodding other engineering considerations such as embrittle- 
m n t  and matching coeff ic ients  of expansion are aet. 

This is probably the resu l t  of an age hardening r e a d i o n  

Prac t ica l ly  no attack w a s  found i n  e i the r  the condenser or subcooler 
regions. However, from the results obtained on t h e  test specimens it 
appears that the inside surfaces of t he  loop, especial ly  those of the 
superheater and condenser, were exposed t o  an oxidizing atmosphere at  one 
t i m  or another. 
studies conducted with capsules have indicated t h a t  both oxygen and 
hydrogen have an inhibit ing effect on nrercury corrosicm. 
of both might have been inhibited from at tack (2). 

Also, both regions w e r e  exposed t o  hydrogen. Previous 

Thus the  surfaces 

A t o t a l  of 20.5 grams of corrosion products were removed from the  
loop. Of th i s ,  approximately 55 percent was renroved from t h e  boiler,  
27 percent from the  superheater, 6.4 percent from the crud separator, 
0.2 percent from the condenser and subcooler regions, and 11.4 percent 
from t he  mrcury. 
data previously obtained on the generatian of corrosion products in thermal 
convection loops and capsule tests (2). 

In general, the  weight of the products remoped agree with 
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This agreement continues in to  t h e  analysis  of t h e  corrosion layer  found 
i n  the  boiler regions. 
corrosion layer revealed tha t  the predominant consti tuents were cobalt and 
tungsten. 
These resu l t s  indicate tha t  chromium, nickel  and i ron were se lec t ive ly  re- 
moved leaving a porous cobalt and tungsten r i c h  phase. 
i s  the  resu l t  which has been gleaned from previous corrosion t e s t ing  of 
Haynes al loy No. 2 5  (2) (4). 

As discussed, the we t  chemical analysis  of the 

Results obtained through microprobe analysis confirmd th i s .  

In  general, t h i s  

However, analysis  of the deposits removed from the  superhester does 
Comparison of t h e  r e su l t s  obtained not f a l l  into place qui te  as easi ly .  

by wet chemical analysis  with those obtained by use of the electron micro- 
probe shows complete disagreement. 
deposit in the superheater i n l e t  contained primarily cobalt  with smaller 
but equal amounts of chromium and nickel. 
found. 
phases, with the  predominant phase containing 76-78 percent nickel and 
21-23 percent chromium. 
Cobalt, iron, and tungsten were present in both, but only in minor amounts. 

Wet chemical ana1.ysi.s indicated t h a t  the 

Also about three percent i ron was 
In contrast ,  the  microprobe indicated tha t  the  deposit contained two 

The secondary phase was close t o  pure Chromium. 

It is believed tha t  t h i s  deposit resu l ted  from l iqu id  being bumped up 
from the boi ler ,  Because of t he  loop or ientat ion any l i qu id  which was 
carried up into the superheater i n l e t  region tended t o  s t a y  there  u n t i l  it 
evaporated. Also, during approximately t h e  first 1250 hours of  operation, 
vapor of very low qua l i ty  was entering the  superheater. 
products accounted for,  4.5 grams or approximately 22 percent was removed 
from thfs  region. 

Of a l l  the corrosion 

Rs previously discussed, the  vapor crud separator was placed i n  the  
inlet  region of the superheater a f t e r  3833 hours of operation, 
the separator, 18 inches of tubing out of the 24 inches t o t a l  length of the  
inlet  section was removed t o  make room f o r  the separator. Of the 4.5 grams 
of material removed from the in l e t ,  3.6 grams came from t h i s  18-inch length. 

Analysis of t he  deposit removed from the middle region of the super- 
heater  showed the Sam discrepancy as found during the  analysis of the  
deposit i n  the boi ler  region. Essentially,  the du fe rence  i n  composition 
of the  deposit, as indicated by mt-chemical and microprobe methods, was 
the  same as found i n  the boi ler  in le t .  
l iqu id  carried over from the boiler. 

To install 

The deposit probably occurred from 
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U8t chemical analysis of the 3.5 grams of deposit removed from the  
ou t l e t  region of the superheater r ewa led  the presence of cobalt, chromium, 
and nickel in the  same general amunts  as the  r e s t  of t h e  superheater, 
However, along with t h i s ,  29 percent of tungsten was found. 

It is not known which of the  analyses are correct. 
results of the microprobe analysis conducted on the  two supe rha te r  sectims 
demonstrate a b e t t e r  f i t  t o  the  corrosion picture. 
chromlm, nickel  and i ron =re removed from the  tube wall. 
mercury did not reveal any great  quant i t ies  of these elenmnts. Thus, the 
three had t o  deposit out somewhere within the  loop, According t o  the micro- 
probe the region where the chromium, nickel and iron deposited was within 
the superheater. 

However, t h e  

In the  boi le r  regions, 
Analysis of t h e  

I). Tantalum Crud Separator 

During the  a59 hours in which the vapor crud separator was i n  place, 
it collected around 6.5 percent of the corrosion products formed. 
chemical analysis of the products contained w i t h i n  t h e  tantalum mol in- 
dicated that the mol was able t o  co l lec t  approximately equal amounts of 
cobalt, chromium, nickel, iron and tungsten. 
dicate  that the  separator was able t o  remove corrosion products from the 
w e t  vapor coming out of the  boiler. 
effectiveness of t h e  separator could not be determined since the  loop had 
already operated f o r  3833 hours before t h e  separator was installed.  

W e t  

In general, the  r e s u l t s  in- 

However, the  eff ic iency and total 

If the separator had been in place during the f u l l  life time, t h e  
quantity of corrosion products removed probably would have been greater. 
The r a t e  a t  which corrosion prcducts are generated, like the r a t e  a t  which 
a mtal  is corroded by mrcury, is i n i t i a l l y  high and then decreases with 
the .  
as a resistance t o  the removal of mrcury soluble elements (8). 

This is caused by the  d e v e l o p m t  of a corrosion layer which acts 



1. Attempts t o  remove hydrogen from the system through Haynes a l loy  No. 25, 
Croloy 9M, and colmbium diffusion windows located in both the vapor and 
liquid regions of the system met with very l u t e d  success. 
which could have affected the  results include oxide films on the surface 
of the windows, t he  film of mercury in contact with the tube wall, a low 
partial pressure of hydrogen in the system, and the  tendency f o r  the 
hydrogen t o  co l lec t  in various regions of the system. 

2. Attempts t o  remove hydrogen from the system through a centr i fugal  
separator employing a columbium or a 1010 steel diffusion window a l so  
wr t  with limited success. The poor success with the columbium window 
can be a t t r ibu ted  t o  the lack of adequate data on the pe rmab i l i t y  of 
columbium t o  hydrogen at low temperatures. The design of the windows 
was based on a theore t ica l  p e r m a b i l i t y  extrapolated from high tempera- 
ture ( > l O O o . F )  permabi l i ty  data. However, later da ta  indicated that 
the permabi l i ty  of hydrogen through columbium dropped off qui te  dras- 
t i c a l l y  a t  tempsratures below approximately 1000OF. Oxide films were a l so  
observed on the  surface of both the oolumbium and 1010 steel windows after 
test  and could account f o r  the low removal rates. 

Factors 

3. No d i s t i n c t  correlat ions could be determined concerning the a b i l i t y  of 
the centrifugal nercury pump t o  accept e i the r  s ingle  bubbles of hydrogen 
or hydrogen entering the pump inlet at a constant rate. 
tests, leakage around t h e  pump seals contributed t o  the problem of ob- 
taining accurate and reproducible data. 

4. After approximately 1000 horns of intermittent operation, only one area 
of the centr l fugal  puwp was found t o  be damaged. 
the volute tongue where an erosive action had occurred. 

Corrosive attack of t he  boi le r  was primarily of the leached layer and 
intergranular penetration types. 
occurred i n  the  oublet region of t h e  boiler.  
regions of the  boi ler  were generally penetrated t o  a depth of O.Od+ inch. 

6 .  Light crevSce attack was observed i n  the  superheater regions of the 
system, and was generally l e s s  than 0.001 inch i n  depth. 

The condenser and subcooler sections of the  loop suffered negligible 
attack. 

Throughout the  

This area was around 

5. 
The maximum attack of 0.005 inch 

However, the low qual i ty  

7. 
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8, V e r y  little damage (both corrosive and erosive) was experienced by the  
FW$”o or i f i ce  p l a t e  ami t h e  Pm-7Wo and Haynes alloy No. 2 1  erosion 
spechms .  
losses in  hardness from overaging indicating a significant laetallurgicsl 
instability. This preclodes their use as turbine materials. The increase 
i n  hardness of the Haynes a l loy  ?Joe 2 1  erosion specinren indicates a 
poten t ia l  use for t u r b h e  blades pro- other engineering considerations 
such as embrittlenrent and matching coefficients of expansion are mt, 

Hawever, both PHl5-7?¶0 erosion spec-ns suffered significant 

9. Deposition was observed in the Wtem and occurred primarily i n  the 
boi le r  and superheater regions. Negligible deposition vas observed ia 
the remainder of the system. 

10. The corrosion layer in t h e  boiler was r ich  in cobalt and tungsten, indi- 
cating t h a t  chromium, nickel, and *on had been selectively removed from 
t h i s  region. 

11. Ths chromium, nickel, and iron removed f rom t h e  bo i l e r  deposited through- 
out the length of the superheater. 
in the  supe rha te r  was found at the entrance of this section -re lQuid 
carr ied over from t f ie  bo i le r  tended t o  condense. 

Approxh te ly  72 percent of t he  deposit 

1 12, The crud separarfor located at the eaperheater entrance collected appraxi- 

the separator was utilised for only the last lh59 hours of loop aperation 
and thus did not have the opportunity to remove the corrosion products 
formed during the initial 3833 hours of operation, 

I nately 6.5 percent of the corrosion products found in the system. However, 
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